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CHAPTER 1 
Scope of t h e inves t iga t ion 
Scope of the investigation 
The physiology and genetics of carbon metabolism in Aspergillus has 
been studied intensively over the last ten years. The recent developments 
in recombinant DNA methodology for Aspergillus, combined with well known 
genetics, in particular the genetics of A.nidulans, provide powerful tools 
to study gene structure and gene expression in relation to this area of 
fungal metabolism. 
Transformation of Aspergillus only occurs by integration of the 
transforming DNA into the genome. This leads to relatively low transfor-
mation frequencies, compared to yeast, where autonomously replicating 
Plasmids are found. The direct cloning of genes by complementation was 
initially hampered by the low transformation frequencies found. The first 
Aspergillus genes were cloned by complementation in E.coli or yeast. 
However, this is only possible for genes which give functional expression 
in those organisms, and several other strategies have been applied to 
clone fungal genes (see Chapter 2 for an overview and examples). 
As the result of many studies over recent years, transformation 
methods have been developed and considerably improved (reviewed by 
Rambosek and Leach, 1987), leading to much higher transformation frequen-
cies, up to several thousands per microgram of transforming DNA for 
A.nidulans as well as for A.niger. Most of these transformation systems 
were primarily developed for A.nidulans (e.g. see Wernars, 1986) for 
which, due to its well known genetics, a large number of auxotrophic 
mutants is available. Some of these systems were later adapted for A.niger 
e.g. AmdS (Kelly and Hynes, 1985) and pyrk (Goosen et al., 1987; van 
Hartingsveldt et al., 1987). Studies on gene structure and expression in 
Aspergillus have been initiated only recently, since such studies depend 
on suitable transformation systems. Research in a large number of 
laboratories, has lead to a rapid development of our knowledge about the 
gene organization and regulation of expression in Aspergillus and other 
fungi. 
The aim of the investigation described in this thesis was to study 
gene structure and gene expression in A.nidulans and A.niger in relation 
to carbon metabolism. Eventually such studies may lead to a situation 
where one is able to alter carbon fluxes in primary metabolism by genetic 
manipulation. 
The utilization rate of glucose in glycolysis can be controlled; 
- by glucose uptake;. 
- by phosphorylation of glucose by hexokinase; 
- by phosphofructokinase which converts fructose 6-phosphate to 
fructose 1,6-biphosphate; 
- by pyruvate kinase, which converts phosphoenolpyruvate and ADP to 
pyruvate and ATP; this reaction plays a role in balancing glycolysis and 
gluconeogenesis, and is therefore a potential control point between 
those metabolic pathways. 
The gene encoding pyruvate kinase (pki) was chosen in this study 
because of the potential role of pyruvate kinase as a control point in 
glycolysis. The gene is highly expressed, indicating that transcription is 
under the control of a strong promoter, whereas the level of expression 
varies depending on the carbon source used for growth. This makes it 
interesting to study which sequences are involved in regulating the 
expression of this gene. Moreover, a study of this gene provides the 
opportunity to investigate whether it is regulated both by specific 
control and general control mechanisms, in response to changes in 
physiological conditions. 
There are three other advantageous factors which make this system 
attractive; 
- Glycolytic genes are quite well conserved. Therefore the yeast gene, 
which was cloned before, can be used as a probe; 
- A number of different A.nidulans pki mutants are available, one of them 
completely lacking the pyruvate kinase gene product (Uitzetter, 1982). 
This provides the possibility to study the effect of in vitro mutations 
on the regulation of the gene expression or on the catalytic activity of 
the enzyme ; 
- Although the biochemistry of the Aspergillus pyruvate kinase is known 
only to some extent, the enzyme from other sources is studied in great 
detail. 
The Aspergillus pyruvate kinase gene was cloned by heterologous 
hybridization, using the yeast pyruvate kinase gene (Burke et al., 1983) 
as a probe. In A.nidulans a transformation system, based on a pkiA5 mutant 
(WG231) lacking the pyruvate kinase gene product, was developed to study 
the identity and the expression of the cloned gene, as described in 
Chapter 2. The A.nidulans pyruvate kinase was purified from the wild type 
strain and from one of the transformants overproducing the enzyme. Using 
this purified enzyme some of its properties were determined, as described 
in Chapter 3. The gene structures of the A.nidulans (Chapter 4) and of the 
A.niger (Chapter 5) pyruvate kinase gene have been determined, and 
compared with the gene structures encoding pyruvate kinase in other 
organisms. In addition, in Chapter 5 the expression of the cloned A.niger 
pyruvate kinase gene in A.niger is described. Finally, in Chapter 6, the 
three dimensional modeling of the Aspergillus pyruvate kinase structure is 
described, based on the crystallographic data of the cat muscle pyruvate 
kinase. This provides information about the regions in the protein 
involved in the allosteric regulation by fructose 1,6-biphosphate. 
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CHAPTER 2 
Isolation and expression of the 
Aspergillus nidulans pyruvate kinase gene 
Par t of thi$ Chapter has been published 
Leo de Craaff, Henk van den Broek and Jaap Visser 
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Summary 
The Aspergillus nidulans pyruvate kinase gene was isolated by heterolo-
gous hybridization using the corresponding yeast gene as a probe. A 2.9 kb 
EcoRI/BamHI fragment which exclusively hybridized to the yeast gene, was 
subcloned in pBR322. This clone was used to transform an A.nidulans pkiA 
deletion mutant to PKI+. Analysis of transformants with respect to the 
kind of integration revealed in about 80% homologous integration, 55% by a 
double cross-over event (type III integration), 25% by a single cross-over 
event (type I integration). Type II transformants (20%) which arise by 
non-homologous integration have not been further characterized with 
respect to the sites of integration. 
A direct correlation between the number of copies of the gene integra-
ted into the genome and the measured pyruvate kinase activity was found 
after growth on a glycolytic carbon source. From this it was concluded 
that the 2.9 kb EcoRI/BamHI fragment contains the complete pyruvate kinase 
structural gene, including the promoter region. 
However, after growth on a gluconeogenic carbon source the regulation 
of gene expression was found to be disturbed. On acetate an increase in 
activity per gene copy (0.2 IU) was found in the transformants, as 
compared to wild type levels. It is suggested that the pyruvate kinase 
gene is regulated by negative control, and that some sequences involved in 
this regulation are missing in the cloned fragment. 
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Introduction 
The study of genes and their regulation in Aspergilli is greatly 
enhanced by the development of efficient transformation systems during the 
last few years (e.g. Tilburn et al., 1983; Yelton et al., 1984; Bailance 
and Turner, 1985; Buxton et al., 1985; Johnstone, 1985; Kelly and Hynes, 
1985; Wernars et al., 1985). 
Although there are several reports on the cloning of genes by comple-
mentation in Aspergilli (Johnstone et al., 1985; Yelton et al., 1985; 
Ballance and Turner, 1986) these systems need to be elaborated more 
extensively, before they can be routinely used in the straightforward 
cloning of genes in this organism. To overcome difficulties in cloning by 
complementation several alternative strategies have been followed, viz. 
cDNA cloning after mRNA enrichment and differential hybridization e.g. in 
the case of the genes encoding A.nidulans alcohol dehydrogenase I(alcA) 
and aldehyde dehydrogenase (aldA) (Lockington et al., 1985), and by cDNA 
cloning in an E.coli expression vector followed by immunochemical 
screening (de Graaff, unpublished results). Genes have also been isolated 
by heterologous complementation or expression as in the case of the 
A.nidulans trpC gene in E.coli (Yelton et al., 1983), and the A.niger ß-
glucosidase gene in yeast (Penttilä et al., 1984) or by heterologous 
hybridization with the corresponding gene of a related organism like the 
A.nidulans 3-phosphoglyceratekinase (pgk) with the yeast gene (Clements 
and Roberts 1985), and the A.niger orotidine-5'-phosphate decarboxylase 
(pyrA) gene with the N.crassa pyrk gene (Goosen et al., 1987). 
Like other glycolytic genes such as the glyceraldehyde-3-phosphate 
dehydrogenase (Stone et al., 1985; Tso et al., 1985a>b), and the 3-
phosphoglycerate kinase gene (Hitzemann et al. , 1982; Clements and 
Roberts, 1986), the gene encoding pyruvate kinase is highly conserved in a 
broad range of organisms (Burke et al., 1983; Lonberg and Gilbert, 1983; 
1985). We have used this high degree of conservation to isolate the 
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pyruvate kinase (pki) gene of A.nidulans. The corresponding yeast gene, 
which was isolated by complementation (Kawasaki and Fraenkel, 1982), was 
used as a probe to screen the A.nidulans genomic library by heterologous 
hybridization. A similar approach was recently used by Clements and 
Roberts (1985) to isolate the A.nidulans 3-phosphoglycerate kinase gene. 
Pyruvate kinase (ATP: pyruvate phosphotransferase, EC 2.7.1.40) is 
one of the key regulatory enzymes in glycolysis. It catalyzes the 
conversion of phosphoenolpyruvate (PEP) to pyruvate, thereby generating 
ATP. The isolation of this enzyme has been described for several fungi 
viz. Mucor rouxii (Terenzi et al., 1971), Neurospora crassa (Kapoor and 
Tronsgaard, 1972), and A.nidulans (Uitzetter, 1982) whereas partial 
purification has been obtained for the enzyme originating from A.niger 
(Meixner-Monori et al., 1984). The A.nidulans enzyme is a homotetramer 
with a reported subunit molecular weight of 60 kDa (Uitzetter, 1982). 
The enzyme activity is usually allosterically controlled both by sub-
strate (PEP) and product (ATP) and in addition by the allosteric effector 
fructose 1,6-biphosphate (see e.g. Kapoor, 1975; Meixner-Monori et al., 
1984). 
The in vivo activity of pyruvate kinase in A.nidulans is influenced 
by the carbon source used when culturing the organism (Payton and Roberts, 
1976; Uitzetter, 1982). Using a glycolytic carbon source, a 20-fold 
increase in enzyme activity is found as compared to the level found when 
grown on a gluconeogenic carbon source. This reflects a regulation of the 
pyruvate kinase activity level required in order to maintain the balance 
between gluconeogenesis and glycolysis under gluconeogenic growth conditi-
ons (Uitzetter, 1982). 
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Pyruvate kinase genes of several organisms have been isolated and 
from genomic or cDNA nucleotide sequence analysis, structures are known 
for the genes originating from yeast (Burke et al., 1983) and chicken 
(Lonberg and Gilbert, 1983; 1985). These studies reveal a strong conser-
vation in the predicted amino acid sequence of the enzyme structure during 
its evolution. However, thus far not much is known in the various cases 
about the regulation of the gene and about the nucleotide sequences 
involved in gene regulation. 
In this paper the isolation of the A.nidulans pki gene, the subse-
quent transformation of a pyruvate kinase mutant with the cloned gene, and 
an analysis of the transformants are described. 
Materials and methods 
Strains 
The following strains were used: A.nidulans WG096 (z^2> pabaAl) A.nidulans 
WG231 (xA2! pkiA5: vabaAl). 
Chemicals and enzymes 
Restriction enzymes and DNA polymerase I were obtained from Pharmacia 
and Promega; DNA ligase from BRL and <x-^2P-dATP from New England Nuclear. 
All other chemicals used were of analytical grade. Schleicher and Schuil 
BA85 nitrocellulose was used in Southern blotting; Millipore HATF85 
nitrocellulose filters for plaque lifts. 
Media and growth conditions 
For the preparation of conidiospores A.nidulans was grown on 
complete medium (Pontecorvo et al., 1953), solidified with 1.2% agar using 
either 25 mM sucrose (strain WG096) or 100 mM acetate (strain WG231) as 
carbon source. Mycelium was grown by inoculating 10 spores ml' in 
minimal medium (Pontecorvo et, al., 1953), supplemented with 2pg ml'1 p-
aminobenzoic acid and with the appropriate carbon source. The mycelium was 
grown for 18-22 hr at 37°C in a Gallenkamp orbital shaker (200 rpm), 
using 1 1 flasks containing 300 ml minimal medium. 
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Preparation and transformation of A.nidulans protoplasts 
Mycelium of WG231 was grown on cellophane according to Ballance and 
Turner (1985). Protoplasts were prepared from the mycelium by an over-
night incubation with Novozyme 234 (5 mg ml'*-) in 0.6 M KCl. After puri-
fication by filtration and centrifugation the protoplasts were transformed 
essentially as described by Wernars et al. (1985). 
Isolation of nucleic acids 
Plasmid DNA was propagated and purified by standard methods 
(Maniâtis et al., 1982). 
Extraction of nucleic acids from A.nidulans 
Fungal DNA was isolated by a slightly modified procedure used to 
isolate plant RNA (Slater, 1985). Mycelium, which was grown overnight in 
liquid minimal medium, was harvested, washed with cold saline, frozen in 
liquid nitrogen and stored at -80 °C. Nucleic acids were isolated by dis-
rupting 0.5 g frozen mycelium using an microdismembrator (Braun). The 
mycelial powder obtained was extracted with freshly prepared extraction 
buffer. 
The extraction buffer was prepared as follows: 1 ml tri-isopropyl-
naphtalene sulfonic acid (TNS) (20 mg/ml) was thoroughly mixed with 1 ml 
p-aminosalicylic acid (PAS) (120 mg/ml) and 0.5 ml 5 x RNB buffer was 
added (5 x RNB contains 121.10 g Tris, 73.04 g NaCl and 95.10 g EGTA in 
1 1, pH 8.5). After the addition of 1.5 ml phenol, the extraction buffer 
was equilibrated for 10 min. at 55 °C. The warm buffer was then added to 
the mycelial powder, and the suspension was thoroughly mixed for 1 min. 
using a vortex mixer. After addition of 1 ml chloroform the suspension was 
remixed for 1 min. After centrifugation at 10* x g for 10 min. using a 
Sorvall high speed centrifuge, the aqueous phase was extracted once more 
with an equal volume of phenol/chloroform (1:1) and then twice with 
chloroform. DNA or RNA was isolated from the aqueous phase using the 
following procedures. 
Isolation of DNA 
After extraction with chloroform the DNA was immediately precipitated 
from the aqueous phase with 2 vol. ethanol at room temperature. It was 
subsequently collected by centrifugation using a Sorvall high speed cen-
trifuge at 10* x g for 10 min. and washed twice by redissolving the DNA in 
distilled, sterile water and precipitating it again with ethanol. RNA was 
removed by adding RNase A (20 pg ml'-'-) to the final solution. 
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In our hands, this procedure results in the isolation of high 
molecular weight DNA (100-200 kb) with a yield of about 300 pg DNA per g 
mycelium. 
Isolation of RNA 
The RNA was precipitated from the aqueous phase after chloroform 
extraction by adding 1/3 vol. 8 M LiCl. The solution was thoroughly mixed, 
and incubated overnight at 0 °C. The precipitated RNA was collected by 
centrifugation using a MSE Super-Minor centrifuge, at 3000 rpm for 30 min. 
Then the precipitated RNA was washed once with cold (-20 °C) 2 H LiCl and 
once with cold (-20 °C) 96% ethanol. 
Finally, the RNA was dissolved in distilled water at a concentration 
of about 1 mg/ml. This results in RNA preparations which are essentially 
free of DNA with a yield of 1-2 mg RNA per g of mycelium. 
Heterologous hybridization and plaque hybridization 
Heterologous hybridization conditions were determined by hybridizing 
chromosomal DNA digests of A.nidulans at different temperatures and under 
different washing conditions. The final conditions chosen to screen the 
genomic library were; hybridization at 56 °C and washing at 56 °C with 5x 
SSC, 0.5% SDS followed by a final washing step using 2 x SSC at 56 °C. 
Plaque hybridization of the genomic library in bacteriophage lambda 
charon 4A was performed as described by Benton and Davis (1977) under the 
experimental conditions just mentioned. 
Results 
Isolation and physical map of the gene 
The A.nidulans pki gene was isolated by heterologous hybridization 
with a 1.8 kb EcoRI fragment of the corresponding yeast gene (Burke et 
al., 1983). This 1.8 kb EcoRI fragment contains the 5 coding region and 
comprises about 90% of the gene. Digestion of A.nidulans genomic DNA with 
£coRI and subsequent Southern blotting and hybridization with the 1.8 kb 
EcoRI fragment of the yeast gene revealed a single hybridizing band, 9.5 
kb in length. 
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Screening of about 5.10 recombinant plaques of the lambda charon 4A 
genomic library of A.nidulans with this probe, resulted in the isolation 
of 24 positive clones. Four clones with the strongest hybridization signal 
were selected for further restriction and hybridization analysis. All four 
contained the 9.5 kb EcoRI hybridizing fragment. The resulting restriction 
map is shown in Fig. 1. The smallest single hybridizing fragment, a 2.9 kb 
EcoKI/BanMI fragment as well as a 5.0 kb BamHI fragment were subcloned in 
pBR322 giving pGW402 and pGW403, respectively. The 2.9 kb £coRI/BamHI 
fragment was also subcloned in M13 mp 18/19 for sequence analysis of the 
gene. 
The polarity of the gene on the cloned fragment was determined by 
digestion with the appropriate enzymes, followed by Southern analysis. 
Fragments containing the 5' and 3' end of the yeast gene, a 1.0 kb 
£coRI/Bg2II and a 0.88 kb EcoRI/Bglll fragment respectively, were used as 
probes. The orientation of the gene is indicated in Fig. 1. 
EcoRI BamHI EcoRI EcoRI 
* ^ 2 . 9 k b ^ * 
-J IÉÉÉÉÉÉ L... 
BamHI BgNI Sail BglllSall EcoRI 
I I I I I I 
• 1.2 kb f .48 kb, .88 kb , ,.45 kb i 
Fig. 1 Restriction map of the pyruvate kinase gene of A.nidulans and its 
flanking regions on the chromosome. The hatched box represents the 
subcloned 2.9 kb EcoRI/BamHI fragment. The lower bar represents a 
more detailed restriction map of the cloned fragment. 
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Transformation of A.nidulans 
In order to prove that the cloned fragment contains the complete 
gene, Including its regulatory sequences, A.nidulans was transformed from 
PKI" to PKI+. The recipient strain in these experiments, WG231, is a pki 
mutant which was originally selected as glucose-negative. This particular 
mutant was shown to lack the pyruvate kinase protein (Uitzetter, 1982). 
Southern analysis of EcoRl/BanMX digested DNA originating from WG231 
revealed that the pkik gene in this mutant contains a deletion of about 
150 bp (results not shown). The presence of a deletion in WG231 makes this 
mutant very suitable as a recipient in transformation experiments, since 
no spontaneous reversion events can occur. 
Since pyruvate kinase mutants do not grow on glycolytic carbon 
sources as e.g. sucrose, we used a glycolytic carbon source to select 
directly for PKI+ in our transformation experiments. Following this 
strategy WG231 was transformed with the plasmids pGW402 and pGW403 to 
PKI+, with a frequency of 10-20 transformants per ftg of plasmid DNA. 
Analysis of transformants 
The resulting transformants were analyzed with respect to the type of 
integration into the genome and with respect to the expression of the 
cloned gene. 
a. Genomic analysis 
Thirteen transformants were randomly selected for analysis by 
Southern blotting after digestion of the chromosomal DNA with the appro-
priate restriction enzymes. Digestion with EcoRl, which cuts only once in 
pGW402 and pGW403 and Southern analysis with the 2.9 kb EcoRl/BamHl 
fragment as a probe, showed in five transformants the presence of an 
additionally hybridizing fragment (Fig. 2A) . The size of this fragment, 
6.9 kb (indicated by an arrow), corresponds with the length of the 
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transforming plasmid, suggesting a tandem integration at the homologous 
locus (Fig. 3A and B) or a multicopy tandem integration at another site in 
the genome. In principle the two possibilities can be discriminated by 
appropriate digestions of the flanking sequences. Differences in intensity 
of the signal of this 6.9 kb fragment reflect differences in the number of 
copies integrated within the genome. 
In three other transformants (4/402/1; 8/402; 9/402) no such 
straightforward hybridization patterns were found. In the case of 4/402/1 
(lane 5) and of 8/402 (lane 9) a complex pattern of hybridizing fragments 
resulted after digesting the chromosomal DNA with EcoRI, suggesting 
integration at other sites than the homologous locus. Moreover, it is also 
possible that this event is still followed by internal rearrangements. 
Surprisingly the patterns are identical, an observation for which we do 
not have an appropriate explanation. In the case of 9/402 (lane 10) the 
pattern in Fig. 2A seems in accordance with a type I integration event. 
However, Figs. 2B (lane 10) and C (lane 1) provide the evidence that this 
is a type II integration. In the case of transformant 2/403 (Fig. 2C, 
lane 6) the hybridization pattern is more complex due to the fact that in 
pGW403, in contrast to pGW402, the ffindlll restriction site of pBR322 is 
still present. The size of the fragments obtained corresponds well with a 
type I integration. 
In six transformants no other hybridizing fragments were found 
besides the 9.5 kb EcoRI fragment. Hybridization of £coRI digests using 
pBR322 as a probe, confirmed that no vector sequences were integrated into 
the genome in these cases (Fig. 2B). As the recipient strain WG231 carries 
a deletion, these transformants are most likely the result of a type III 
integration, and they are certainly not the result of reversion of the 
mutation in the recipient strain. 
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 #9 1Q 11 12 13 1 2 3 J T 5 6 7 8 9 1011 121314 
23.6 kb 
9.6 kb 
6.6 kb 
"Br 
f' %• 
••i*-
1 2 3 4 5 6 7 8 
! 
4.3 kb 
Fig. 2 Analysis of genomic DNA from PKI+ transformants. 
DWA (1-2 fig) was digested with either EcoRI (panel A and B) or 
Hindlll (panel C). After fractionation on an agarose gel and 
transfer to nitrocellulose the blots were probed with J^P-labelled 
2.9 kb EcoRI/BamHI fragment (panel A and C) or with 32P-labelled 
pBR322 (panel B) . 
2A, B: lane 1: 1/A02 
6: 5/402 
11: 1/403 
2: 2/402 
7: 6/402 
12: 2/403 
3: 3/402 
8: 7/402 
13: WG096 
4: 4/402; 5: 4/402/1; 
9: 8/402; 10: 9/402; 
14: pGW402 
2C: lane 1: 9/402; 2: 5/402; 3: 6/402; 4: 1/402; 5: 1/403; 
6: 2/403; 7: WG096; 8: WG231 
23 
The number of copies integrated at the homologous locus can be deter-
mined after digestion with Hindlll. This enzyme does not cut within the 
gene, as shown in Fig. 1, whereas in the plasmid pGW402 itself there is 
also no restriction site available. For every copy of pGW402 integrated 
into the genome the 4.7 kb Hindlll fragment is therefore enlarged with 6.9 
kb (Fig. 3C and D). The values predicted this way are 11.6, 18.5 and 24.4 
kb respectively for 1, 2 and 3 copies integrated. 
B: 
EcoR! 
1 
EcoRI 
I 
BamHI EcoRI EcoR! 
I I 1 
! _ _ _ _ 9.2 kb > 3.2 kb 
BamH: EcoRI BamH! EcoRI EcoRI 
I I 111 
— W///////M ! 
C : Hindlll BamHI EcoRI Hindlll 
I I I I 
D : •*— 4 .7 kb » 
Hindlll BamHI EcoRI BamHI EcoRI Hindlll 
I I I I I I 
Fig. 3 Integration of pGW402 DNA by homologous recombination. 
The structure of the pki region after a single homologous recombi-
nation event with pGW402 DNA is shown. The hybridizing fragments 
after digestion with EcoRI or Hindlll in the wild type (A, C) and 
a single copy transformation (B, D) are shown. 
In two transformants (1/402 (Fig. 2C, lane 4) and 7/402) a fragment 
of 12kb corresponding to the predicted length upon integration of a single 
copy is found. In another transformant 5/402 (Fig. 2C, lane 2) a fragment 
of 19 kb is found, corresponding with two copies integrated into the 
genome. Non-homologous integration tends to lead to multiple copy 
transformants as shown in Table I. However, the exact copy number has not 
been determined at the DNA level. 
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b. Analysis of pyruvate kinase activity 
The expression of the pfciA gene in the transformants was studied by 
growing these transformants on MM containing 25 mM sucrose as the sole 
carbon source. The pyruvate kinase activity measured in mycelial extracts 
was compared with the activity found in the wild type strain (Table I). 
The activities found in these transformants ranged from 60% of the wild 
type activity to 450%. On the basis of these results the transformants can 
be classified into two classes: one group of transformants with a pyruvate 
kinase activity level lower than or comparable to that found in the wild 
type, and another group with an increased level of activity suggesting 
single and multicopy integration respectively. 
Table I Pyruvate kinase activities in wild type A.nidulans and PKI+ 
transformants after growth on minimal medium with 25 Mm sucrose 
as a carbon source. 
Strain Activity Relative Type of Copy 
(IU/mg protein) activity (%) integration* number 
100 1 
75 I I 
50 III 1 
63 III 1 
63 III 1 
190 II ? 
225 I 2 
110 III 1 
75 I I 
350 II ? 
440 II ? 
110 III 1 
75 I I 
100 III 1 
*According to the classification by Hinnen et al. (1978) 
type I: single cross over at the homologous locus; II: integration into 
nonhomologous locus; III: integration by a double cross over at the 
homologous locus 
WG096 
1/402 
2/402 
3/402 
4/402 
4/402/1 
5/402 
6/402 
7/402 
8/402 
9/402 
1/403 
2/403 
3/403 
0.8 
0.6 
0.4 
0.5 
0.5 
1.5 
1.8 
0.9 
0.6 
2.8 
3.5 
0.9 
0.6 
0.8 
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In addition we have studied the regulation of the pyruvate kinase 
activity in some transformants after growth on acetate which was given as 
gluconeogenic carbon source (Table II). 
The level of activities found in the transformants after growth on 
acetate were significantly higher compared to those found in the wild type 
strain. Transformant 5/402 (type I integration) is useful in this respect 
since integration pattern and copy number are exactly known in this case. 
From this data it can be calculated that the pyruvate kinase activity on 
acetate in this transformant is 0.25 IU per mg per copy. It can also be 
calculated that the pyruvate kinase activity in the transformants is 
increased by about 0.2 IU per mg protein per copy integrated in crude 
extracts compared to the wild type strain. Correcting for wild type 
activity in transformant 9/402, which is a type II transformant, the 
activities correspond, both in the case of sucrose and acetate grown 
mycelium, with five additional active copies. In type III transformants 
(see 6/402 e.g.) the activity level, both on sucrose and on acetate is in 
the same order as in the wild type. 
Table II Pyruvate kinase activities (IU/mg protein) in the wild 
type (WG096) and some of the transformants after growth 
on different carbon sources. 
Strain: WG096 6/402 5/402 9/402 
Carbon source: 
sucrose 
sucrose/acetate 
acetate 
0.4 
0.2 
0.06 
0.5 
0.2 
0.06 
0.9 
0.7 
0.5 
2.6 
2.0 
1.4 
Sucrose (50 mM), sucrose/acetate (5 mM/100 mM) and acetate (100 mM) were 
used as a carbon source. 
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Discussion 
The A.nidulans pyruvate kinase gene was cloned from a genomic 
library by heterologous hybridization with the homologous yeast gene. 
Hybridization conditions were established on the basis of a restriction 
enzyme analysis of chromosomal DNA using the yeast gene as a probe and 
they were found to be quite stringent. Subsequently the genomic library 
was screened under identical conditions. After Southern analysis of the 
positive clones, a 2.9 kb EcoRI/BanMI fragment and a 5.0 kb SamHI fragment 
were subcloned. Both fragments were shown to contain the pyruvate kinase 
gene of A.nidulans. The identity of the gene was confirmed by transfor-
mation. Both subcloned fragments were able to complement the pki mutation 
in a piciA deletion mutant. 
The pyruvate kinase gene itself is potentially a selection marker, 
which can be used in transformation and cotransformation experiments. 
Direct selection for this marker is possible by using a glycolytic carbon 
source, like glucose or sucrose. However, the transformation frequencies 
obtained are still low, 10-20 transformants per fig DNA, compared to 500 
per /ig DNA in the case of argB (Johnstone, 1985) and 3-5.103 per /ig DNA in 
the case of pyrh (Ballance and Turner, 1985). However, since no attempts 
were made to optimize this transformation system, it may well be possible 
to increase the transformation frequency by improving the formation and 
stabilization of protoplasts from mycelium grown on acetate as a carbon 
source. 
Genomic analysis of the transformants reveals a strong preference for 
integration at the homologous locus. About 60% (7/13) of the transformants 
analyzed were the result of a double cross-over event at the homologous 
locus (type III integration according to the classification of Hinnen et 
al., 1978), while about 25% (3/13) were the result of a single cross-over 
event at the homologous locus (type I integration). In the latter case, 
multicopy integration was found with up to three copies. Only in three of 
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the transformants tested had integration occurred at a locus unlinked to 
the pki locus (type II integration), resulting in multicopy integration in 
all cases. 
These results are in strong contrast to those found after transforma-
tion with the amdS marker in A.nidulans (Kelly and Hynes, 1985; Wernars 
et al., 1985), but correspond with the results found for the trpC (Yelton 
et al., 1983) and the arg& marker (John and Peberdy, 1984). The high ratio 
of non-homologous integration found in the amdS transformation system 
(Wernars et al., 1985) is possibly the result of additional selective 
pressure due to the addition of CsCl to the medium although effects of the 
genetic background cannot be excluded. 
Since transformation, as phenomenon, was not primarily the objective 
of this study no further attempts were made to investigate the mitotic and 
meiotic stability of the transformants. However, mitotic instability was 
observed in the case of one of the type II multicopy transformants, which 
was estimated originally to contain 5 copies of the gene. The intensity of 
the plasmid band decreased during a period of extensive subculturing, and 
in parallel a decrease in pyruvate kinase activity was found. 
This instability was also reflected by morphological differences in 
progeny colonies. The instability may be due to the fact that tandem 
multicopy integration has occurred at a non-homologous locus, which is 
followed by a process of recombination in which the number of integrated 
copies is reduced. A reflection of this recombination process is found in 
Southern blots. In addition to the hybridizing 9.5 kb £coRI fragment, the 
6.9 kb plasmid band is found in this transformant, and its intensity 
decreases during subculturing. Besides these discrete hybridizing bands, 
non-discrete hybridization is found in the high molecular weight area of 
the blot. This non-discrete hybridization pattern must thus be the result 
of different stages of the recombination process. 
Both the 2.9 kb EcoRl/BanMl fragment and the 5.0 kb BamHI fragment 
28 
contain the whole structural pyruvate kinase gene including the regulatory 
sequences, as can be concluded from the results presented in Table I. 
Integration of a single copy of the cloned fragment leads to a pyruvate 
kinase activity in the recipient strain, which varies but can reach 
approximately the same level as in the wild type. Since these transfor-
mants represented also type III integrations restoring the wild type 
genome, we have no appropriate explanation for the variation in activity 
observed (50-110%). In those transformants, in which more than one copy of 
the fragment is integrated into the genome, a good correlation is found 
between the number of copies integrated and the pyruvate kinase activity 
measured under glycolytic growth conditions. 
However, the regulation of the pyruvate kinase activity in the trans-
formants thus obtained is disturbed which becomes obvious upon growth on a 
gluconeogenic carbon source. The pyruvate kinase activity which is 
measured, has a proportional increase in activity compared to the wild 
type activity (Table II). The extent to which this occurs turns out to be 
about 0.2 IU per mg of protein per copy integrated. As mentioned before, 
the regulation of the pyruvate kinase activity is rather complex. The 
activity is regulated by gene expression, by allosteric effectors and by 
the turnover of the protein. In the case of the wild type strain, a 7-fold 
decrease in activity is found under gluconeogenic growth conditions 
compared to glycolytic growth conditions. 
One can speculate that the differences in the pyruvate kinase acti-
vity level in these transformants grown on acetate, might be due to 
titration of regulating factors (see Kelly and Hynes, 1985), lack of 
regulatory sequences in the transforming DNA, or an increased stability of 
the enzyme due to a higher enzyme concentration, thus leading to a higher 
proportion of the functional tetramer. 
If titration of regulatory factors or a higher stability of the 
enzyme is involved, one does not expect the degree to which the activity 
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per gene copy integrated increases, to be constant. However, this is 
actually observed. Besides, in these cases one would not expect such 
drastic effects by just raising the gene copy number from one to two. It 
is more likely that the changes in regulation occur due to the lack of 
regulating sequences in the 2.9 kb EcoRI/SamHI fragment. Since the 
pyruvate kinase gene is fully expressed in transformants under glycolytic 
conditions, this would imply that regulation of the pyruvate kinase gene 
expression under gluconeogenic conditions is under control of a negative 
regulatory element. 
The validity of this conclusion is subject of a further study on the 
pyruvate kinase gene expression, in which the effects of sequences located 
further upstream of the 2.9 kb EcoRl/BanMI cloned fragment will be inves-
tigated. 
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CHAPTER 3 
A rapid purification procedure 
for pyruvate kinase from 
the hyphal fungus Aspergillus nidulans 
Par t of th i s Chapter h a s been published; 
Harry Kester, Jos Uitzetter, Leo de Graaff and Jaap Visser 
Can. J. Microbiol. 134, 1154-1158, 1988 
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Summary 
Pyruvate kinase was purified from the filamentous fungus Aspergillus 
nidulans with a 45-55% yield. The procedure involves dye-affinity 
chromatography and Fast Protein Liquid Chromatography (FPLC), which 
results in a highly active and pure enzyme in mg quantities within two 
days time. The purified enzyme, a tetramer with a subunit molecular weight 
of 65 kDa and an isoelectric point of 4.7, was used to determine the amino 
acid composition. 
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Introduction 
Pyruvate kinase (ATP: pyruvate phosphotransferase, EC 2.7.1.40) 
catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate, thereby 
generating adenosine-5'-tri-phosphate (ATP). Fungal pyruvate kinases have 
been isolated from Mucor rouxii (Terenzi et al., 1971) and Neurospora 
crassa (Kapoor, 1975). Partial purification has been obtained for pyruvate 
kinase originating from Aspergillus niger (Meixner-Monori et al., 1984). 
Investigators attempting to use low-pressure chromatographic 
techniques experienced the instability of pyruvate kinase at various 
stages of purification, especially in dilute solutions the enzyme activity 
was rapidly lost. For the enzyme isolated from A.niger, Meixner-Monori et 
al. (1977) demonstrated that addition of glycerol and fructose 1,6-
biphosphate (FBP) was essential to stabilize the enzyme. Even then the 
enzyme was purified with a very low recovery. 
Heat treatment and ammonium sulphate precipitation have been used in 
other protocols as initial steps to purify pyruvate kinase from fungal 
origin (Kapoor and Tronsgaard, 1972). In the case of Aspergillus nidulans 
salt precipitation resulted in a considerable loss (50%) of the initial 
activity. Heat treatment was determined to be not appropriate as a 
purification step, because the procedure should also be sufficiently mild 
to allow the isolation of pyruvate kinase from Aspergillus pyruvate kinase 
mutant (pkiA) strains (Payton and Roberts, 1976; Bos et al., 1981). 
Therefore, we developed a method using an affinity chromatographic step. 
Studies with Blue Dextran and its chromophore, Cibacron Blue 3G-A, 
have shown that these ligands can be used to prepare affinity adsorbants 
specific for enzymes whose nucleoside phosphate binding sites are composed 
with an dinucleotide fold (Stellwagen et al., 1975; Thompson et al., 
1975) . This supersecondary structure is found to be present in a number of 
kinases and dehydrogenases. Pyruvate kinase of N.crassa (Kapoor and 
O'Brien, 1980) also was found to interact with this triazine dye. 
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The application of Cibacron Blue and other reactive dyes in affinity 
chromatography is well documented (Dean and Watson, 1979; Lowe et al., 
1981). The rapid purification method to be presented here for the pyruvate 
kinase of A.nldulans, is also based on the application of a dye affinity 
column as an initial purification step. Final purification was achieved 
by using pre-packed small particle columns at high flow rates. The 
molecular cloning of the pyruvate kinase gene of A.nidulans and subsequent 
transformation of this fungus with the homologous gene resulted in strains 
with increased enzyme levels as described in Chapter 2 (de Graaff et al., 
1988. Such strains further improve the enzyme yield obtained per gram of 
fungal biomass. 
Materials and methods 
Chemicals 
All chemicals used were standard analytical grade and provided by 
Merck, Darmstadt, Germany, except PEP (monocyclohexylammonium salt), ADP 
(monopotassium salt), NADH (disodium salt), FBP (trisodium salt), ATP 
(free acid) and pig heart lactate dehydrogenase (EC 1.1.1.27) which were 
purchased from Boehringer, Mannheim, Germany. Sepharose C1-4B, Sepharose 
4B and the MONO Q column were obtained from Pharmacia Fine Chemicals, 
Uppsala, Sweden. Mikacion Brilliant Yellow 6GS was supplied by Nippon 
Kayaku Co Ltd., Tokyo, Japan. Procion dyes were obtained from ICI Ltd., 
Manchester, England and Cibacron Blue 3G-A from Ciba Geigy AG, Basel, 
Switzerland. The gel permeation chromatography column G 3000 SW (7.5 x 300 
mm) was purchased from LKB, Bromma, Sweden. 
Strains and growth conditions 
A.nidulans wild type strain WG 096 (vA2. paba AD and the A.nidulans 
transformant 9/402, a multi copy transformant produced as described in 
Chapter 2, were used to isolate the pyruvate kinase enzyme. For preparati-
on of conidiospores, A.nidulans was grown on complete medium according to 
Pontecorvo et, al. (1953) solidified with 1.2% agar and supplemented with 
25 mM sucrose as carbon source. To obtain large quantities of mycelial 
biomass for the preparation of cell free extracts, A.nidulans was cultured 
in a 7 litre batch of minimal medium supplemented with 2 fig/1 p-aminoben-
zoic acid and 90 mM sucrose as described previously (Dijkema et al. . 
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1986). After a growth period of 16-18 h at 37 °C the mycelium was 
harvested by filtration, washed with cold saline and squeezed to remove 
excess of liquid. 
Preparation of cell free extract 
Freshly harvested mycelium was frozen with liquid nitrogen and 
homogenized in a Waring Blender with liquid nitrogen for 8 min. at 100 
Volt. After evaporation of the liquid nitrogen, extraction buffer was 
added to the powder (3 ml per gram initial mycelium). The extraction 
buffer consisted of 0.05 H sodium phosphate buffer, pH 7.0, 0.5 mH EDTA, 5 
mH HgCl2, 5 mH 2-mercaptoethanol, and in the case of an optimized 
purification also 5% (v/v) ethylene glycol. Extraction was performed for 1 
h at 4 °C, with gentle stirring of the suspension. The cell debris was 
removed by centrifugation for 20 min at 40,000 x g and the supernatant was 
used as the crude extract in further purification. 
Enzyme assay and protein determination 
Pyruvate kinase activity was determined by measuring the decrease in 
absorption of NADH at 340 nm using a continuous lactate dehydrogenase 
coupled assay as described by Bergmeyer (1974). 
Protein was determined by the micro-Biuret method (Itzhaki and Gill, 
1964) with bovine serum albumin as standard. Although this method is not 
extremely sensitive, it is simple and has high reproducibility and 
therefore has been recommended for protein determinations in mycelial 
extracts (Jernejc et al., 1986). 
Electrophoresis and isoelectric focussing 
Electrophoresis in 10% Polyacrylamide gels containing 0.1% SDS was 
performed according to Laemmli (1970). The pyruvate kinase subunit mole-
cular weight was determined after electrophoresis in a 10% SDS-containing 
gel calibrated with the following protein standards: Carbonic anhydrase 
(29 kDa), ovalbumin (45 kDa), bovine serum albumin (68 kDa) and Phosphory-
lase B (92.5 kDa). 
Analytical thin-layer gel isoelectric focussing was performed in the 
pH range 3-7 on the FBE-3000 apparatus (Pharmacia, Uppsala, Sweden) using 
the focussing and staining conditions supplied by the manufacturer. 
Preparation of affinity matrices 
The method used was a modification of that described before by Dean 
and Watson (1979). Sepharose C1-4B was washed extensively with deionized 
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water and filtrated with suction to remove excess water. The packed beads 
(3 g) were resuspended in 10 ml of water and the reactive dye (15-60 mg) 
was dissolved by gently shaking. After the addition of 2 ml 3 M NaCl the 
suspension was allowed to stand at room temperature for 15 min. The 
reaction was initiated by elevating the pH to 10-11 by adding 1 M Na2C0j. 
The reaction mixture was incubated for 1 h at 55 °C. The suspension was 
washed with water, 2 M NaCl, water, 4 ti urea and water successively. The 
matrices were stored at 4 °C in 0.05 H sodium phosphate buffer pH 7.0 
containing 0.02% sodium azide. 
Preparation of large quantities of a particular matrix (30-90 g of 
packed beads) followed the same procedure used in small coupling experi-
ments, with only adjustments made to maintain the same volume and weight 
ratios. 
The Blue Dextran 2000 conjugate was prepared by cyanogen bromide 
activation of Sepharose 4B according to March et al.(1974) using 50 mg of 
dextran per gram of agarose. 
Determination of ligand concentrations 
The amount of Cibacron Blue 3G-A (14 pmoles/g dry weight) bound to 
Sepharose 4B, in the case of the Blue Dextran 2000 matrix was determined 
spectrophotometrically after its release by acid hydrolysis (Chambers, 
1977). The concentration of Mikacion Brilliant Yellow 6GS (colour index no 
18971, Reactive Yellow 1) was determined by elemental analysis of the 
lyophilized matrix using Sepharose C1-4B as a control. 
Amino acid composition determination 
Amino acid analysis was performed according to the method described 
by Bidlingmeyer et al.. (1984). The protein was reduced, S - carboxymethyla-
ted using the method of Crestfield et al. (1963). The protein was 
hydrolyzed by gas-phase hydrolysis with 6 N hydrochloric acid for 20, 24, 
48 and 72 hrs at 110 °C. Tryptophan was measured by the spectroscopic 
method of Edelhoch (1967) . 
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Results 
Screening of reactive dyes for pyruvate kinase affinity 
Samples (0.5-1.0 U of pyruvate kinase) of a mycelial extract from 
strain WG 096 were applied at 4 'C to small columns (0.5 x 5 cm) packed 
with different dye-Sepharose conjugates which were eluted with extraction 
buffer. The following dyes were tested: Procion Red P3BN, Procion Yellow 
M-4G, Mikacion Brilliant Yellow 6 GS, Procion Yellow H-5G, Procion 
Turquoise MX-G, Procion Navy MX-RB, Cibacron Blue 3G-A, Procion Brown MX-
GRN, Blue Dextran 2000, Procion Orange MX-G and Procion Yellow MX-4G. The 
last two matrices and unsubstituted Sepharose C1-4B showed no binding of 
pyruvate kinase under these conditions. 
Elution by the addition of 0.5 M NaCl to the eluent resulted in very 
low recoveries (<10 %) of pyruvate kinase activity, indicating enzyme 
inactivation during its interaction with the various dyes or very tight 
binding. Higher recoveries (35-100 %) were achieved by the addition of 
ethylene glycol (5-10 %,v/v) to the crude extract and to the eluent used. 
In most cases, however, the activity of pyruvate kinase now appeared in 
the void volume except for matrices using Procion Red P3BN, Mikacion 
Brilliant Yellow 6GS, Procion Yellow H-5G or Blue Dextran 2000 as the 
ligand. Both non specific elution by increasing salt concentration and 
biospecific elution by PEP, FBP or ATP were further analyzed. 
The biospecific interactions between pyruvate kinase and Mikacion 
Brilliant Yellow 6 GS (30 /imoles/g dry weight) and Cibacron Blue 3G-A (14 
fimoles/g dry weight) , which is the actual ligand in the case of the Blue 
Dextran matrix, were analyzed in particular and found to be different. 
With Cibacron Blue 3G-A both PEP and FDP interfered with the enzyme 
binding, whereas ATP was not effective in releasing the bound enzyme. In 
the case of Mikacion Brilliant Yellow ATP and PEP were effective to elute 
the bound enzyme, whereas FBP was not. Based on total recoveries and the 
increase in specific activity, Mikacion Brilliant Yellow 6 GS was finally 
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chosen as the appropriate ligand when used in combination with a salt 
elution. The ligand density was optimized by coupling different amounts of 
dye per gram of Sepharose C1-4B. A linear relationship was found between 
the amount of dye added during the coupling reaction (tested up to 80 mg/g 
suction dried beads) and the actual amount of dye bound determined by 
nitrogen content. A concentration of 30 /imoles/g dry weight was found to 
be optimal, providing 80-85 % recovery, using the standard loading of 3 ml 
of mycelial extract per ml bed volume. Lower ligand densities, 10-15 
/imoles/g dry weight resulted in a low binding capacity of the matrix, only 
part of a standard loading of 3 ml of crude extract per ml bedvolume was 
bound. Higher ligand densities 50-60 mole/g dry weight) however, resulted 
in a 15-20 % reduction in enzyme recovery. 
Although the differences in interaction between pyruvate kinase and the 
different dye matrices could be exploited in further purification steps, 
our final protocol involves ionic exchange and gel permeation chro-
matography . 
Pyruvate kinase purification 
All steps in the purification were carried out at 4 °C except for the 
FPLC purification steps which were preformed at room temperature. Freshly 
harvested mycelium (10 g) was used to prepare a cell free extract 
containing 5% (v/v) ethylene glycol as described in earlier. The super-
natant was loaded on a 15 ml (0 2.6 cm) Mikacion Brilliant Yellow 6GS 
Sepharose CL-4B column (30 /xmoles/ g of dry Sepharose). Non-binding pro-
teins were eluted with extraction buffer until the absorbance at 280 nm 
of the eluent was less then 0.1. Pyruvate kinase activity was recovered by 
elution with extraction buffer containing 0.5 M NaCl (Fig. 1A) . The 
pyruvate kinase containing fractions were pooled and overnight dialyzed at 
4 °C against buffer A (identical to extraction buffer except that 20 mM 
sodium phosphate is used instead of 50 mM). 
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Elution volume (ml_) Elution volume (ml_) 
Fig. 1A Elution of pyruvate kinase from Hikacron Brilliant Yellow 6Gs 
Sepharose C1-4B Ç& 2.6 cm, 15 ml bedvolume). 
42 ml of cell-f ree extract was loaded (arrow A) and non bound 
proteins were eluted with extraction buffer (arrow B) Pyruvate 
kinase activity was eluted with extraction buffer + 0.5 H NaCl 
(arrow C). Fraction of 2 ml were collected. 
Absorbance at 280 nm. 
The hatched area represents the pyruvate kinase activity. 
Fig. IB Elution profile of pyruvate kinase on Mono Q HR 5/5 column. 
17.5 ml enzyme solution was loaded at room temperature at a flow 
rate of 1.5 ml/min. Proteins were eluted with a stepwise linear 
sodium chloride gradient. The maximum peakfraction size was 2 ml. 
protein absorbance at 280 nm. 
NaCl gradient. 
The hatched area represents the pyruvate kinase activity. 
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The following day the enzyme was loaded on a MONO Q HR 5/5 column pre-
equilibrated with buffer A. Stepwise gradient elution with buffer A + 0.5 
M NaCl was found to separate the enzyme from the bulk of contaminating 
proteins (Fig. IB). The fractions containing the enzyme were diluted 5 
fold in buffer A. Further purification was achieved by rechromatography 
with the MONO Q HR 5/5 column. The final purification step was immediately 
done as the enzyme was eluted from the 2 n d Mono Q column. Small aliquots 
(0.5 ml) of the eluted enzyme were loaded on a TSK G 3000 SW gel permeati-
on column. Using this protocol, the results are summarized for the wild 
type strain WG 096 in Table I and Fig. 2. Starting with 10-40 g of 
mycelium and following this protocol, highly active pyruvate kinase was 
obtained in only 2 days. With the multi copy pki transformant 9/402, 
containing approx. 4-fold more of the pyruvate kinase per g of mycelium, 
similar high yields were also obtained. 
Table 1 Purification of pyruvate kinase from A.nidulans 
wild type strain WG 096. 
Step volume 
(ml) 
total 
protein 
(mg) 
total 
activity 
(Units) 
specific yield 
activity 
(U/mg) (%) 
Crude extract 42.0 
Pooled and dialyzed 
MBY Sepharose fractions 17.5 
After rechromatography on 
MONO Q HR 5/5 column 2.0 
After gel permeation 
chromatography 3.5 
96.2 
10.3 
0.88 
0.44 
104.6 
123.5 
69.4 
58.6 
1.1 
12.0 
78.9 
133.2 
100 
118 
66 
56 
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1 2 3 
Fig. 2 SDS-polyacrylamide gel electro-
phoresis of pyruvate kinase from 
A.nidulans wild type strain WG 
096 at different stages of 
purification: 
lane 1: crude extract; 
lane 2: active fraction after elution of 
HBY 6GS Sepharose C1-4B column; 
lane 3: active fraction after chromato-
graphy on MONO Q HR 5/5 column; 
lane 4: final preparation after TSK 3000 
SW column. 
Physiochemical properties and amino acid composition 
From the SDS-polyacrylamide gel electrophoretic pattern, a subunit 
molecular weight of 65 kDa was determined. Gel permeation chromatography 
with the native enzyme indicated a tetrameric structure which was 
expected. The isoelectric point was found to have a pi value of 4.7. The 
amino acid composition of the purified enzyme from transformant 9/402 is 
given in Table 2. 
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Table 2 Amino acid composition of pyruvate kinase from A.nidulans trans -
formant 9/402. 
Amino acid Number of residues3 per cent of total 
asxb 68 11.4 
glxb 59 9.9 
serc 36 6.1 
gly 46 7.7 
his 11 1.9 
thr 31 5.2 
ala 46 7.7 
arg 39 6.6 
pro 27 4.5 
tyr 9 1.5 
val 51 8.6 
met 16 2.7 
cysd 10 1.7 
ile 49 8.2 
leu 43 7.2 
phe 15 2.5 
trp 6 1.0 
_lys 33 5JL6 
aNumber determined based on a subunit molecular weight of 65 kDa. 
°Sum of acid and amide forms. 
cValue extrapolated to zero time hydrolysis. 
"Determined as S-carboxymethylcysteine. 
Discussion 
The instability of pyruvate kinase, especially at low concentrations 
in the various stages of purification, is a well-known problem when 
isolating this enzyme from eukaryotes like Saccharomyces cerevisiae 
(Haeckel et al., 1968) or from filamentous fungi like N.crassa (Kapoor, 
1975) and A.niger (Meixner-Monori et al., 1984). In the latter case, the 
instability persisted to such an extent as to prevent final purification. 
Except for the purification procedure of Hunsley and Suelter (1969), who 
in the case of Baker's yeast reported a 45% yield, most protocols have 
relatively low yields (5-20%) . The purification procedure for A.nidulans, 
described here, uses the immobilized dye Mikacion Brilliant Yellow 6GS as 
affinity ligand as a very efficient first purification step (see Table 
I). The yield of this first step usually varies between 80% and 120%, the 
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reason for this is not clear. 
Although further steps based on affinity chromatography with other 
dyes and gel permeation chromatography also result in a pure enzyme, the 
final recovery was always low (3-8% yield), particularly because gel 
filtration is a major bottleneck. Inactivation of the enzyme is likely to 
involve dissociation and subsequent unfolding of the tetrameric active 
form of the pyruvate kinase, as can be concluded from the extensive 
studies by Kapoor and Tronsgaard (1972) with the purified pyruvate kinase 
of N.crassa. By applying high pressure ionic exchange and gel permeation 
chromatography as described here, we demonstrate that the instability 
problem during the purification can be largely reduced and a pure enzyme 
is obtainable with much higher yields (45-55%). The mycelium used to 
isolate the enzyme is grown on sucrose since nutritional conditions known 
to stimulate glycolysis lead to a 15-20 fold increase in specific activity 
of the pyruvate kinase in fungus (Uitzetter, 1982). The level of pyruvate 
kinase expression has been further increased by 4 fold with genetic 
manipulation (Chapter 2) and correspondingly, the enzyme was also iso-
lated from the transformed strain. The purified enzyme from the wild type 
strain was used to compare some physio-chemical properties with those 
obtained for other fungi and yeasts. The subunit molecular weight of 65 
kDa as determined by SDS Polyacrylamide gel electrophoresis is higher than 
those determined for the enzyme of A.niger (Meixner-Monori et al., 1984) 
and for the enzyme of Baker's yeast (Fell et al., 1974) with an approxima-
te values of 55-60 kDa. The N.crassa pyruvate kinase has a slightly lower 
subunit molecular weight (62 kDa) as was reported by Kapoor (1975), In the 
case of Hucor rouxii, a dimorphic phycomycete, in which pyruvate kinase 
isoenzymes occur, a subunit molecular weight of 45.5 kDa was reported 
(Friedenthal et al., 1973). In the latter case, analogous to earlier 
observations with the Baker's yeast enzyme, this may be due to limited 
proteolysis. 
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The isoelectric point found for the A.nidulans pyruvate kinase, in 
the presence of FBP (pi - 4.7), is lower when compared to the value of 6.4 
reported for the unliganded N.crassa enzyme (Kapoor et al., 1976). The 
isoelectric point of the N.crassa enzyme is lowered to 5.5 by FBP binding. 
In A.nidulans some micro-heterogeneity of the enzyme is observed, which 
has not been further investigated but which might be related to FBP 
binding. The amino acid composition of pyruvate kinase from A.nidulans, 
calculated on a molar basis, shows similarity with that of the yeast 
enzyme (Yun et al., 1976) except for the number of tryptophan residues 
which is five times higher in the A.nidulans enzyme. 
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CHAPTER 4 
Structure of the Aspergillus nidulans 
pyruvate kinase gene 
Par t of th is Chapter is accepted for publication; 
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Summary 
The complete nucleotide sequence of the Aspergillus nidulans pyruvate 
kinase gene, including its flanking sequences is presented. The gene has a 
coding sequence of 1578 bp, which encodes a protein of 526 amino acids and 
is strongly homologous with the corresponding Saccharomvces cerevisiae 
(66%) and mammalian (53%) proteins. 
The gene is interrupted by seven introns, three of which are in a 
conserved position compared to those present in the mammalian pyruvate 
kinase genes thus far sequenced. A fourth intron within the mononucleo-
tide binding fold domain, is found in a conserved position with respect to 
the position of an intron within the NAD+ binding region of maize ADH I. 
The transcription start site has been determined; a major site of 
transcription was found 80 bp before the translation initiation codon. 
The promoter region of the A.nidulans pyruvate kinase gene contains no 
direct homologies with TATA or CCAAT sequences in the expected region 
(30-70 bp) before the transcription initiation site. However, extended CT 
enriched regions are found in the promoter region, similar to genes which 
are highly expressed in S.cerevisiae and filamentous fungi. 
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Introduction 
In Aspergillus nidulans, pyruvate kinase (pyruvate phosphotrans-
ferase, EC 2.7.1.40), a homotetramer that catalyzes the conversion of 
phosphoenolpyruvate (PEP) to pyruvate, is encoded by the pki gene. In 
both, in Saccharomyces cerevisiae and A.nidulans only one form of the 
enzyme exists, whereas in Escherichia coli (Valentini et al., 1979) and 
Hucor rouxii (Friedenthal et al., 1973) two and three forms of the enzyme 
are found, respectively. In higher eukaryotes usually four isozymes are 
found, termed the L, M^, M2, and R type pyruvate kinases. These forms are 
tissue specific and differ in size and kinetic behaviour (for review see 
Engström et al., 1987). 
Regulation of pyruvate kinase activity is required in order to 
prevent substrate cycling between PEP and pyruvate during gluconeogenesis. 
Regulation of the activity is achieved by allosteric modulation of the 
enzyme by its substrate PEP and its product ATP, but also by the alloste-
ric effector fructose 1,6-biphosphate ^Kapoor, 1976; Meixner-Monori et 
al., 1984). In addition to this allosteric modulation, there might still 
be another level of control analogous to the mammalian L type pyruvate 
kinase. Besides being allosterically regulated, the L type is also 
regulated by cAMP-dependent phosphorylation, with the site of phosphoryla-
tion being a serine located near the N-terminus of the protein (Humble, 
1980). The other pyruvate kinase isozymes found in higher eukaryotes have 
shorter N-terminal sequences and, consequently, lack the specific serine 
residue which is phosphorylated in the L type isozyme. In addition, enzyme 
activity is also regulated by the rate of transcription as was shown for 
yeast (Burke et al., 1983) and the rat L type pyruvate kinase (Cognet et 
al., 1987). 
Regulation of the pyruvate kinase activity in A.nidulans is reflected 
by the enzyme activities measured after growth on different carbon 
sources. The activity after growth on sucrose, as a glycolytic carbon 
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source, is 10-20 fold higher compared to the activity after growth on 
acetate, as a gluconeogenic carbon source (Chapter 2; Uitzetter, 1982; de 
Graaff et al. , 1988). 
The primary structure of the S.cerevisiae pyruvate kinase gene 
(Burke et al., 1983) and of the cDNA clones of chicken M type (Lonberg and 
Gilbert, 1983), rat L type pyruvate kinase (Lone et al., 1986; Inoue et 
al., 1986),the rat M type (Noguchi et al., 1986), human L type (Tani et 
al., 1988) have been determined. A comparison of the primary structures of 
these genes reveals a strong homology between the pyruvate kinases of 
these organisms, especially at those positions which are involved in 
catalysis or in the binding of substrate and ions (Johnson et al., 1979; 
Stuart et al., 1979; Muirhead et al., 1986). 
Besides, the gene structure is also known for both the rat L type gene 
(Cognet et al., 1987) and the chicken M type gene (Lonberg and Gilbert, 
1985). From these studies it has been concluded that the four isozymes in 
rat are encoded by two genes, the L and M type. The L and R (L') isozymes 
are produced from the L-type gene by the use of different promoters and of 
different translational start sites. As a result, the isozymes differ in 
size and in the N-terminal amino acid sequence (Marie et al., 1981; 
Noguchi et al., 1987). The M^ and M2 isozymes are the result of differen-
tial splicing of a single primary transcript of the M-type gene. The M^ 
isozyme is not allosterically regulated, while the other isozymes have 
allosteric properties. As a result of the differential splicing differen-
ces in amino acid sequence are found in the C domain of both proteins 
(Noguchi et al., 1986). This domain is involved in subunit interaction 
(Stuart et al., 1979; Muirhead et al., 1986), and since the two isozymes 
are identical except for a region located within this C domain, the 
differences in the kinetic behaviour of the two enzymes must be the result 
of these differences. Noguchi et al. (1986) conclude that the region 
responsible for the allosteric behaviour of the pyruvate kinase isozymes 
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is located within this region of the C domain. 
The three-dimensional structure of cat muscle pyruvate kinase has 
been determined (Stuart et al., 1979; Muirhead et al., 1986), and was 
used to predict the structure of the chicken M type pyruvate kinase. 
Comparison of the chicken pyruvate kinase protein three dimensional 
structure with the corresponding gene structure, reveals a nonrandom 
distribution of the introns and a conservation of the position of the 
introns in the chicken and rat genes (Lonberg and Gilbert, 1985; Cognet et 
al., 1987). 
The A.nidulans pyruvate kinase (pki) gene was cloned by heterologous 
hybridization, using a fragment of the pyruvate kinase gene of S.cerevisi-
ae (Chapter 2; de Graaf f et al., 1988). In this Chapter the primary 
structure of the A.nidulans pyruvate kinase gene is described and our 
findings are compared with those of other pyruvate kinases. 
Materials and methods 
Strains 
The following strains were used: A.nidulans WG096 (XÂ2> Paba Aj_) was 
used for the isolation of RNA and E.coli DH5a (endAl. hsdR17. [rk~, mk+], 
suvEAA. thi-1. y , recAl. gyrA. relAL. 80dlacZ M15, (laçZYA-argF), U169) 
and DH5aF' were used for the propagation, of plasmid DNA and M13 phages, 
respectively. 
Chemicals and enzymes 
Restriction enzymes, DNA polymerase I Klenow fragment, AMV Reverse 
Transcriptase and bacteriophage T^ DNA ligase were obtained from BRL, 
bacteriophage Ty DNA polymerase from Pharmacia and a-^-P-dATP from New 
England Nuclear. Urea, acrylamide bisacrylamide and oligo dT cellulose 
were of Ultra Pure grade (BRL). Deoxynucleotidetriphosphates and dideoxy-
nucleotdetriphosphates were from Boehringer. All other chemicals used were 
of analytical grade. 
55 
S E 
Fig.l Strategy employed to sequence the 3003 bp BamHI/EcoRI fragment. Only 
major restriction sites are indicated: B: BamHI. Bg: Bglll. S: Sail 
and E: EcoRI. The arrows indicate the position, length and direction 
of sequencing from restriction enzyme site or oligonucleotide primer 
(*1:HR5859, *2:HR5858). The hatched box represents the coding region 
of the A.nidulans pki gene. 
The pki gene was found to have a coding region of 1578 bp and seven 
putative introns based on homology from the deduced amino acid sequence 
with other pyruvate kinases, and on the consensus sequence of the splice 
signals (Rambosek and Leach, 1987). Sevenhundred fiftyeight bp upstream of 
the start codon were determined, whereas 277 bp were determined beyond the 
stop codon. The entire gene, including noncoding regions, is presented in 
Fig. 2. 
Fig. 2 Nucleotide sequence of the A.nidulans pyruvate kinase gene with its 
amino acid translation, the position of the introns is as 
indicated. 
The position, and sequence, of the nucleotide sequence complementa-
ry to the synthetic oligonucleotide used in the primer extension 
experiments is overlined. The sites of transcription initiation are 
marked with an asterix. In the 5'non-coding region repeats are 
indicated by arrows under the sequence, and the inverted repeats by 
arrows above the sequence. P indicates a 10 bp palindromic 
sequence. The dashed arrow, under the sequence, in the 3' non-
coding region, indicates one of the inverted repeats found in this 
region. 
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-751 . . . . . 
GGATCCGTGTAAAACAGITAC1CCGACG1GGGAAAAAG1IGACAGTGAATGAAC6ACA 
- 7 0 0 . . . . . . . . . . . . . 
116tC16CAAGlCAATTTAAC6ACAGGGACGGTGGCAG16TCA6TCACCCAGGGICGCAACAGGClCCAGCAAlCCAGATTlïACAAGACnCG6CAGATATC6GCAG6GTAACG6TClGATCAAGCCAGGGGTCtlGCC 
- 5 6 0 . . . . .
 fc . ^ . . . . 
AIlïAtGlTGTGGI6TGACTGCCCClTGGTTGCAATGCTAGIAGCGCATTGTGGACGATlIATCAGGAGACCAAAGAACTAGTlACAGAlCGlCCATATAAATTCAT6CCAATACTI6TGCCAAIGCTTGGGATGGlCTT 
-»° • : • P- , . . . . 
CT6AT6CTGTCTCIGACATCAGGAAAAAGCAACAACAGATAAGCAACAACCGAGACCGCAAAGACAGCGGGCAGTTAATAATGGATTTGCAAATAGAG1GACTACATGAA1AGGCTTTGGTTGATATCCACTACG1AAGT 
- 2 8 0 — — * : » . — — » ^ 
CTGT1A6CGAGGA6TGAATAATGGAATAGACTGGCCACGGGGAACCGGCCGAIAGCGACGAGACAGGAAAGCC6CAACAAGG16GGCGGCCAACAGTAT11ICCICCCGGCCACACACCCCGACCGAGCCCCTCTCTCCG 
- U 0 ! • ^ " ' . . < 
CGCTCGCTCTCACC6GGAA6TCAAC6CTTTTTITCCCTTATCTCCTTCTTCTCTCCACCAAACGTTCTCCTCTCACTCACÇTTTCCACAACTCATCTCTACACTCACC6TCGCAAATTCGCACAAGGGAA6TTTTCCAAA 
1 HR5859 50. 7* !""** 100. 
A!S GCC GCA AGC TCI TCC CIC GAC CAC TIG TCC AAC CGI AIG AAG CIG GAG TGG CAC ICC AAG CTG AAI ACI GAG AIG GTG CCG GCG AAG AAC ITC CGC CGI ACA 
Het All Ala Ser Ser Ser Leu Asp His Leu Ser Asn Arg Bet Lys Leu Glu Irp His Ser Lys Leu Asn Ihr Glu Het V»l fro Ala Lys Asn Phe Arg Arg Ihr 
150. . . . . 200. 
TCC AIC ATC IGT ACC ATC G GIATGI1CAGCGCCTGATCTGCGAAICGCCAA1IITGAATAIIGCGGITCIGACTGACSTCGCGCICACTAG Gl CCC AAG AC» AAC TCC GIT GAG AAA ATC AAT 
Ser Ile lie Cys Thr Ile G ( INTRON A ) ly Pro Lys Thr Asn Ser Val Glu Lys Ile Asn 
250. . . . . 300. . . . . 
GCC CTC CGC AGA G G1ACGGCGAC1TAA1GATCACAATCGIGCITGAAGC1GACACCAICGGIAG CC GGT C1C AA1 GTC GIT CGC ATG AAC III TCI CAC GGT TCA TAC GAG G1AATTC1 
Ala Leu Arg Arg A ( INTRON B ) la Gly Leu Asn Val Val Arg «et Asn Phe Ser His Gly Ser Tyr Glu ( 
J50. . . . . 400. . . . . »50. 
T1CICGCATTTGCAC11GGAC11C6TCIGAIGCAGIC1GACACAIA1TAG 1AC CAC CAA ICA GIT A1C GAC CAC GCT CGG GAA GCC GAA AAG CAG GCA GCT GGC CGC CCC.Gil GCC ATT 
INTRON C ) Tyr Hls Gin Ser Val lie Asp Hls Ala Arg Glu Ala Glu Lys Gin Ala Ala Gly Arg Pro Val Ala lie 
500. . . . . 550. 
GC1 CIG GAC ACC 616AGTTCGGCCC6TTT6GAACCG1CGCGTTGCAGATCTGACTCAAGTTTAG AAA GGA CCC GAG ATC CGI ACC GGA AAC ACC GIA GG1 GAC AAG GAC ATC CCA ATC 
Ala Leu Asp Ihr ( INTRON D ) Lys Gly Pro Glu H e Arg Thr Gly Asn Thr Val Gly Asp Lys Asp Ile Pro Ile 
600. . . . . 650. . . . . 700. 
AAG GCT GGC CAI GAG AIG AAC ATC AGC ACC GAI GAG CAA TAT GCC ACC GCA ICC GAC GAC CAG AAC Al GIAGGITTCG1GATCT1ITGAG1ATSIG1CAAGGCGACTAAC1TGGCG1CT 
Lys Ala Gly His Glu flet Asn Ile Ser Ihr Asp Glu Sin lyr Ala Ihr Ala Ser Asp Asp Gin Asn He ( INIRON E 
750. . . . . 800. 
G1AG G 1A1 GTC GAT TAC AAG AAC ATC ACC AAG GIG All TCI GCC GGC AAG CTC ATC IAT GTC GA1 GAC GGT AIC Cll TCA T U GAG GTT Cil GAA GIT GIA GAT GAC 
— ) t lyr Val Asp lyr Lys Asn H e ihr Lys Val lie Ser Ala Gly Lys Leu H e lyr Val Asp Asp Gly H e Leu Ser Phe Glu Val Leu Glu Val Val Asp Asp 
850. . . . . 900. 
AAG ACC CIG CGC G1C CGA 1GC CTT AAC AAC GGC AAC AIC TCT TCC CGC AAG GGT GTC AAC CIT CCC GGI ACC GAC GIA GAC 1TG CCC GCI CTT ICA GAG AAG GAC ATC 
Lys Ihr Leu Arg Val Arg Cys Leu Asn Asn Gly Asn Ile Ser Ser Arg Lys Gly Val Asn Leu Pro Gly Ihr Asp Val Asp Leu Pro Ala Leu Ser Glu Lys Asp Ile 
«50. . . . . 1000. 
AGC GAI CIG AAG TT1 GGT GTC AAG AAC AAG GTC GAC ATG Gll TTC GCT ICC TTC AIC CGT CGI GGC AGC GAC ATC CGC CAC AIC CGI GAG GTG TIG GGT GAA GAG GGC 
Ser Asp Leu Lys Phe Gly Val Lys Asn Lys Val Asp Het Val Phe Ala Ser Phe Ile Arg Arg Gly Ser Asp Ile Arg His Ile Arg Glu Val Leu Gly Glu Glu Gly 
1050. . 1100. 
CGA GAG ATT CAG ATC AIC GCC AAG Ail GAG AAC CAA CAA GGI GTC AAC AAI TIC GAC GAG ATI CIG GAA GAG ACC GAC GGI GTC AIG G1C GCC CGI GGT GAC CTT GGT 
Arg Glu Ile Gin Ile Ile Ala Lys Ile Glu Asn Gin Gin Gly Val Asn Asn Phe Asp Glu Ile Leu Glu Glu Ihr Asp Gly Val Het Val Ala Arg Gly Asp Leu Gly 
1150. . . . . 1200. . . . . 
ATC GAG AIC CCC GCT CCC AAG GIG TTC ATC GCC CAG AAG ATG ATG ATC GCC AAG 1G1 AAC ATC AAG GGC AAG CCC GTC ATT IGT GCC ACT CAG ATG CTT GAG TCC ATG 
Ile Glu Ile Pro Ala Pro Lys Val Phe Ile Ala Gin Lys Het Het Ile Ale Lys Cys Asn Ile Lys Gly Lys Pro Val lie Cys Ala Thr Gin Het Leu Glu Ser Het 
1250. . . . . 1300. . . . . 1350. 
ACA TAT AAC CCT CGT CCC ACI CGI GCT 6AG SÏG TCC GAI GTG GCC AAC GCI GIT C1C GAC GGI GCC GAC 1GI GTC ATG CIT TCI GGA GAG ACT GCC AAG GGT AAC TAC 
Ihr lyr Asn Pro Arg Pro Ihr Arg Ala Glu Val Ser Asp Val Ala Asn Ala Val Leu Asp Gly Ala Asp Cys Val Het Leu Ser Gly Glu Thr Ala Lys Gly Asn Tyr 
1*00. . . . . 1150. 
CCI IGC GAG GCT G1C ACG ATG ATG K T GAG ACC TGC CTC CIC GCC GAG GII GCC AIT CCI CAC ITC AAC GIC TIC GAC GAG CTG CGA AAC CIG GCC CCT CGT CCC ACC 
Pro Cys Glu Ala Val Ihr Het Het Ser Glu Thr Cys Leu Leu Ala Glu Val Ala Ile Pro His Phe Asn Val Phe Asp Glu Leu Arg Asn Leu Ala Pro Arg Pro Ihr 
1500. . . . . 1550. 
GAC ACT GTT GAA ICC AIC GCC AIG GCI GCT GTG AGI GCC AGI Cll GAA CIG AAC GCC GGC GCC All GTG GTC CIC ACC ACT AG GTACGTTC1CTTCCGGGACTT11GA1CCAACA 
Asp Thr Val Glu Ser H e Ala Het Ala Ala Val Ser Ala Ser Leu Glu Leu Asn Ala Gly Ala Ile Val Val Leu Thr Thr Se ( INIRON F 
1600. . . . . 1650. 
1CGC1GACAACGCCA1AG T GGA AAC ACI GCC CGI AIG AIC ICC AAG 1AC CGC CCC GII TGC CCC ATC ATC ATG GTT ICI CGC AAC CCI GCT GCI ACA AGG G1AAGICCTGTGCT 
) r Gly Asn Thr Ala Arg net Ile Ser Lys Tyr Arg Pro Val Cys Pro Ile Ile Het Val Ser Arg Asn Pro Ala Ala Ihr Arg ( 
1700. . . . . . 1750. . . 1800. 
1GC1GAATATTCGGACGCG11GSC1GAC11ICAIAG TAC TCC CAC CTG TAC CGT GGT GIC 1GG CCC H C TAC TTC CCC GAG AAG AAS CCC GAC ITC AAC GIC AAG AIC TGG CAG 
INIRON G ) lyr Ser His Leu lyr Arg Gly Val Irp Pro Phe lyr Phe Pro Glu Lys Lys Pro Asp Phe Asn Val Lys Ile Trp Gin 
1850. . . . . 1900. 
GAG GAI GTC GAC CGI CGC C1C AAG TGG GGT ATC AAC CAC GGT CTC AAG CTC GGI AIC ATC AAC AAG GGC GAC AAC ATC GIC TGT GTT CAG GGC TGG CGC GGC GGI ATG 
Glu Asp Val Asp Arg Arg Leu Lys Trp Gly Ile Asn His Gly Leu Lys Leu Gly H e H e Asn Lys Gly Asp Asn Ile Val Cys Val Gin Gly Irp Arg Gly Gly net 
1950 . . . . 2000. 
GGC CAC ACI AAC ACI GIC CGT GTG GTC CCT GCI GAG GAG AAC C1C GGA CIT ICI GAG IAA AICCATICAAAAGAAIGGCCTTCCTCSACGGAAGGCACAGCGGTACCGACGGCGATCAAA 
Gly His Ihr Asn Thr Val Arg Val Val Pro Ala Glu Glu Asn Leu Gly Leu Ser Glu EJffi > ( 
2050. . . . . 2100. . . . . 2150. 
CAGIAGGCG1CGC1GTAGGGGCCCGGTCCGGTCCGCTIAGAT1IGAGCAACCIGAGGTCIGCTC1GCAACTGCCACAACGICATGATCCGTG11GGCCCGIA1CCCIGCG1CIGGCAGTAIGKGG1CGGCGAGCCGAAA 
2200. . . . . 
GGGGCTTIICATTCICGTTGGG1AIAACACCCCC1GATTAGAGAGGGCGGACGAACATAGCCTGTAATTTCGAATTC 
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Nucleotide sequencing and analysis 
The sequence was determined by subcloning fragments from the 2.9 kb 
BamHI/EcoRI fragment, containing the functional pki gene (de Graaff et 
al., 1988), into M13 mpl8/19 (Messing, 1983; Norrander et al., 1983). 
Subclone sequences were determined by using the dideoxynucleotide chain-
termination procedure (Sanger et al., 1977). A small part of the sequence 
was determined using specific oligonucleotide primers (HR5858 and HR5859) 
as indicated in Fig. 1. Almost all of the sequence (95%) was determined by 
sequencing both DNA strands, while all the sequences were determined at 
least twice. Computer analysis was done using the PC/GENE program. 
Primer extension mapping 
Mycelium was grown by inoculating 10° spores ml'1 in minimal medium 
(Pontecorvo et al., 1953), supplemented with 2 fig ml' p-aminobenzoic acid 
and 50 mM glucose as a carbon source (glycolytic growth conditions) or 
100 mM acetate (gluconeogenic growth conditions). 
Total A.nidulans RNA was isolated by a procedure as described 
(Chapter 2; de Graaff et al., 1988) and poly(A)~h RNA was isolated by oligo 
dT cellulose chromatography as described by Maniatis et al. (1982). 
The primer extension reaction was performed according to Calzone et 
al. (1987) with some smaller modifications, using the synthetic oligo-
nucleotide HR5859. The primer extension reaction products were analyzed on 
a 6% Polyacrylamide sequencing gels, using dideoxysequencing reaction 
products as a marker. 
Results and discussion 
Structure of the pki gene 
The primary structure of the A.nidulans pyruvate kinase gene was 
determined using a sequencing strategy as shown in Fig. 1. Using this 
strategy the complete sequence of the 3003 bp Bamtil/EcoRl fragment, 
containing the functional pki gene, was determined. 
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The 5'-noncoding region 
The site of transcription initiation was determined by primer 
extension experiments, using poly A+ RNA isolated from mycelium grown 
under glycolytic conditions, and a pki specific oligonucleotide, HR5859, 
located at the 5' end of the gene (Fig. 2). Reverse transcription of the 
pki mRNA resulted in cDNA strands of different lengths. From repeated 
experiments, it was found that two major extension products terminated at 
positions -4 and -80 before the translation initiation site (Fig. 3), 
while two minor extension products terminated at positions -78 and -113 
(results not shown). 
We have investigated the possibility whether different transcription 
initiation sites play a role in the regulation of the pki gene expression, 
by using RNA isolated from mycelium grown on a medium with glycolytic 
carbon source and mycelium grown on a medium with a gluconeogenic carbon 
source. No detectable differences were found the primer extension experi-
ments, regardless of the mRNA used. 
AGCT 
i-
Fig. 3 Primer extension mapping of the 
transcription initiation site. 
The lanes A, G, C and T represent the 
sequencing reaction products. The 
position from the translation initiati-
on site of the cDNA products obtained 
by the extension of the synthetic 
oligonucleotide primer hybridized with 
poly(A)+ RNA, are indicated with an 
arrow. 
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Thus, differential use of transcription initiation sites seems to play no 
significant role in the regulation of the A.nidulans pyruvate kinase gene 
expression. 
Although one of the major primer extension products, ending at 
position -4, is located 43 bp from a second AUG codon, the latter is 
unlikely to function as a start for translation initiation. Two main 
arguments led us to the conclusion that only the first AUG codon is used 
as translation initiation codon: 
1) The first AUG codon fits the consensus sequence for eukaryotic 
translation initiation sites, (CC(A/G)CCAUG(G)) (Kozak, 1984). The 
sequence found in the A.nidulans pki gene is CCAAAAUGG, the second 
AUG does not fit this sequence; 
2) Complete amino acid sequence homology is observed in the open reading 
frame (ORF) between the two AUG codons, when the A.nidulans and 
A.niger pyruvate kinase sequence (Chapter 5) are compared, whereas 
the homology is lost immediately upstream of the AUG codon. 
Initiation of transcription at position -4 can not be ruled out, but 
seems unlikely at such a short distance before the translation initiation 
site. It does not seem to play a role in differential transcription 
either, as no indications for differential transcription were found. 
Possibly, this fragment is the result of a premature stop during reverse 
transcription, caused by RNA structure. 
The sequence at position -80, the major site of transcription, ccaA-
acg (the nucleotide were transcription starts is in bold) shows a striking 
similarity with the sequences found at the transcription initiation site 
in several other fungal genes, e.g. A.nidulans trpC (ccaAcg) (Mullaney et 
al., 1985), A.nidulans alck (ccaAca) (Gwynne et al., 1987), aldh (ccaAct) 
(Pickett et al., 1987), and one of the transcription initiation sites 
found in the A.nidulans argB gene (ccaAgt) (Upshall et al., 1986). 
However, this type of sequence is not found at the transcription initiati-
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on sites of the A.nidulans pgk gene (gccCgt) (Clements and Roberts, 1986) 
and the A.niger argB gene (cgTgac/cgtGac) (Buxton et al., 1987). Despite 
this variation, it is clear that a certain class of transcription 
initiation sites is formed around the sequence ccaAc/g. 
The A.nidulans promoter contains a TATA box-like sequence at position 
-109, which is at a distance larger than normally found in eukaryotic 
genes. Whether this sequence, TATTTT, is functional is questionable. In 
the fungal genes containing TATA like sequences, they are found approxima-
tely 30-70 bp before the transcription initiation site (Rambosek and 
Leach, 1987). There are, however, several examples of fungal genes which 
lack a typical TATA sequence, e.g. A.nidulans trpC (Mullaney et al., 
1985), argB (Upshall et al., 1986), tpiA (McKnight et al., 1986). 
Functional mapping of these promoter sequences will be necessary to 
identify the sequences which play a role in setting the site of transcrip-
tion initiation. In a deletion study done with the A.nidulans trpC 
promoter, Hamer and Timberlake (1987) found that deleting the sequence 
TTTATTT in the region -20 to -40 resulted in mRNAs with heterogeneous 5' 
ends. This indicates the possible involvement of this sequence in determi-
ning the site of transcription initiation. Interestingly, a similar T 
rich sequence, TTTTTTT located at position -27 to -33, is found in the 
A.nidulans pki gene. 
A CCAAT box, which is usually found between 30-70 bp upstream of the 
TATA sequence in most eukaryotic promoters (Maniatis, 1987), is not found 
in the A.nidulans pki promoter. However, a CCAAT-like sequence (CCAAC) is 
found at position -114 before the transcription initiation site, whether 
the CCAAC sequence could function like the CCAAT sequence, by increasing 
the level of transcription, is not clear since in other eukaryotic genes 
single base mutations in the CCAAT sequence leads to a loss in function, 
as reflected by a dramatic decrease in the level of transcription (Meyers 
et al., 1986). 
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The A.nidulans pki sequence upstream of the transcription initiation 
site shares a typical feature with other glycolytic promoters in yeast and 
fungi, viz. a pyrimidine rich region (CT blocks) just before this site of 
transcription initiation. CT rich regions are found, for instance, in 
yeast pgk (Dobson et al., 1982), yeast pyk (Burke et al., 1983), A.nidu-
lans pgk (Clements and Roberts, 1986), and A.nidulans tpi (McKnight et 
al., 1986). Besides the CT blocks, the A.nidulans pki 5' noncoding region 
contains many direct and inverted repeats, some of which are indicated in 
Fig. 2. The functionality of these repeats is currently under investiga-
tion. 
Comparison of the sequences in the 5' noncoding regions of the 
A.nidulans glycolytic genes which are known (.pgk and tpi), shows that 
there is no obvious concerned sequence which might be related to a 
general control of the level of transcription glycolytic genes. 
The 3'-noncoding region 
The 277 sequenced nucleotides extending beyond the A.nidulans pki 
coding region does not contain the consensus AATAAA sequence found in most 
eukaryotic genes in their 3' termination region (Proudfoot and Brownlee, 
1976). This sequence is believed to be involved in polyadenylation, but is 
not generally a feature of fungal termination regions. The sequence 
ATCAAA, which is similar to the polyadenylation sequence and strikingly 
similar to the sequence AAATCAAAA, found in the A.niger argB terminating 
region (Buxton et al., 1987), is located 55 bp downstream from the stop 
codon. This sequence is later followed by the sequence CGTGTTGG, 149 bp 
downstream from the stop codon, which fits perfectly with the consensus 
sequence YGTGTTYY identified by McLauchlan et al. (1985), for efficient 
and correct processing of the 3' end of the RNA. However, this GT rich 
region is normally found in about 30 bp downstream the AATAAA sequence. 
In addition, two inverted repeats are found 18 and 154 bp downstream the 
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stop codon. These potential stem loop structures may function in efficient 
termination of transcription (Birnstiel et al., 1985). 
Intron-exon structure of the pyruvate kinase gene 
In contrast to the S.cerevisiae pyruvate kinase gene the A.nidulans 
pyruvate kinase gene contains seven putative introns (A-G), which range 
in size from 50 to 72 bp. These introns were identified based of the 
fungal consensus sequence for splice junctions 5' GTRNGT--NRCTRAC--YAG 3' 
(Rambosek and Leach, 1987), and by comparison of the amino acid sequence 
with pyruvate kinase from S.cerevisiae, chicken M type and rat L type. 
Table 1 Intron sequ ences 
nidulans pyruvate 
5' 
Consensus 
sequence 
Intron A 
Intron B 
Intron C 
Intron D 
Intron E 
Intron F 
Intron G 
sequence 
GTRNGT 
GTACGT 
GTACGG 
GTAATT 
GTGAGT 
GTAGGT 
GTACGT 
GTAAGT 
-45-
-27-
-36-
-29-
-29-
-27-
-30-
at the splice 
kinase gene. 
lariat sequenc 
nrCTRAC 
gaCTGACg 
agCTGACa 
gtCTGACa 
atCTGACt 
gaCTAACt 
cgCTGACa 
ggCTGACt 
junctions in the 
e 
-10-
- 7-
- 5-
- 6-
- 9-
- 6-
- 4-
3'sequence 
YAG 
TAG 
TAG 
TAG 
TAG 
TAG 
TAG 
TAG 
Aspergillus 
intron length 
72 bp 
51 bp 
58 bp 
52 bp 
55 bp 
50 bp 
51 bp 
l Rambosek and Leach, 1987 
Two of the seven introns have 5'splice junctions that lack the second 
GT (Table 1). Deviations from the 5'splice junction consensus sequence are 
found in other fungal genes too, e.g. in A.nidulans adhlll (GTATTT) 
(McKnight et al., 1985) and in the A.nidulans amdS gene (GTACAC) (Corrick 
et al., 1987). In general, the seven introns interrupting the pki coding 
sequence resemble other fungal introns both in size and in their lariat 
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sequence. 
In the three eukaryotic pyruvate kinase genes which have been 
completely sequenced thus far, viz. the S.cerevisiae pyruvate kinase gene 
(Burke et al., 1983), the chicken M gene (Lonberg and Gilbert, 1985) and 
the rat L gene (Cognet et al., 1987), the coding region contains respecti-
vely no introns, nine introns and ten introns. Alignment of these amino 
acid sequences and the intron positions of these pyruvate kinases genes, 
with the A.nidulans amino acid sequence and intron positions, reveals a 
conservation in the position of the introns A and C of the A.nidulans pki 
gene in all three intron containing genes, while the position of a third 
intron (F) has been shifted two codons. 
As has been discussed by Lonberg and Gilbert (1985), the mononucleo-
tide binding fold of pyruvate kinase can be aligned with the first 
mononucleotide binding fold of the alcohol dehydrogenase NAD+ binding 
domain. The amino acid alignment in the mononucleotide binding fold of the 
pyruvate kinases of A.nidulans, S.cerevisiae, cat, chicken and rat with 
the mononucleotide binding fold of ADH I of horse and maize and ADH I 
(Gwynne et al. 1987) and III (McKnight et al.1985) of A.nidulans (Fig. 3) 
reveals only a weak sequence homology. However, in contrast to the chicken 
and rat pki gene, the second intron in the region coding the mononucleo-
tide binding fold domain of adhl gene of maize (Dennis et al. 1984), is 
present in the pki gene of A.nidulans (intron G). This suggests that the 
mononucleotide binding fold in alcohol dehydrogenase and pyruvate kinase 
genes is the result of the evolution from a common ancestor rather than 
that of convergent evolution. The pyruvate kinase genes of rat and chicken 
possibly lack the second intron in the mononucleotide binding fold domain 
as the result of differential intron loss. 
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Cat CLAAALIVLTESG RAHQVARYRPRAPIIAVTRNHQTARQAHLYRGIFPV V CKD 
* 
Chicken CLAAALIVMTESG RAHLVSRYRPRAPIIAVTRNDQTARQAHLYRGVFPV L CKQ 
* 
Rat CCAAAIIVLTKTG RAQILSQYRPRAAVIAVTRSAQAARQVHLSRGVFPL L YRE 
S.cerevisiae QKAKAIIVLSTSG TPRLVSKTRPNCPIILVTRCPRAARFSHLYRGVFPF F EKE 
* * 
A.nidulans LNAGAIWLTTSGNTARMISKYRPVCPIIMVSRNPAATRYSHLYRGVWPFYFPEKK 
* * 
Maize(ADH) GSTVAVFGLGAVG AAAGGARIAGASRIIGVDLNPSRFEEARKFGCTEFVNPKDHN 
* * 
Horse(ADH) GSTCAVFGLGGVGKSVIMGCKAAGAARIIGVDINKDKFAKAKEVGATECVNPQDYK 
* 
A.nid.(ADHI) GQTVAIVGAGGGLGSLAQQYAKAMGIRWAVDGGDGKRAMCESLGTGTYVDFTKSK 
A.nid.(ADHIII) GQTVAIVGAGGGLGSLAQQYAKAMGLRTIAIDSGDEKKAMCEQLGAEVFIDFSKSA 
Fig. 3 Alignment of amino acid sequences in the mononucleotide binding 
fold of pyruvate kinase and alcohol dehydrogenase from different 
organisms. The position of an intron in the corresponding gene is 
indicated by an asterix. The introns marked are; chicken M type pki 
gene intron 8; rat L type pki gene intron I; A.nidulans pki gene 
introns F and G; maize adhl introns 5 and 6; A.nidulans adhl 
intron 1 and A.nidulans adhIII intron A. 
Deduced protein structure 
Removal of the putative intron sequences from the primary transcript 
results in a mRNA with an open reading frame of 1578 bp, corresponding to 
a protein of 526 amino acids with a molecular weight of 58.075 kDa. This 
is 2 kDa smaller than the molecular weight determined by SDS Polyacrylami-
de gel electrophoresis (Uitzetter, 1982) and 7 kDa smaller than was 
reported in Chapter 3 of this thesis. The difference found between the 
molecular weight of the deduced protein, and the molecular weight, as it 
was determined experimentally, may be the result of secondary structure 
in the protein present even under denaturing conditions. 
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Table 2 Comparison 
kinase. 
Amino acid: 
Ala 
Arg 
Asp/Asn 
Cys 
Glu/Gln 
Gly 
His 
He 
Leu 
Lys 
Met 
Phe 
Pro 
Ser 
Thr 
Trp 
Tyr 
Val 
of amino acid 
Number 
found 
42 
31 
31/34 
9 
35/11 
37 
11 
41 
35 
32 
19 
13 
23 
32 
27 
5 
12 
46 
composition of A.nidulans 
of residues: 
reported-*-
46 
39 
68a 
10 
59a 
46 
11 
49 
43 
33 
16 
15 
27 
36 
31 
6 
9 
51 
Percent 
found 
7.9 
5.8 
12.6 
1.7 
6.6 
7.0 
2.0 
7.7 
6.6 
6.0 
3.6 
2.4 
4.3 
6.0 
5.1 
.9 
2.2 
8.7 
pyruvate 
of total: 
reported-1-
7.7 
6.6 
11.4 
1.7 
9.9 
7.7 
1.9 
8.2 
7.2 
5.6 
2.7 
2.5 
4.5 
6.1 
5.2 
1.0 
1.5 
8.6 
1
 Chapter 3. 
a
 Sum of acid and amide forms 
A very high correlation is found between the amino acid composition for 
the pyruvate kinase protein deduced from the nucleotide sequence, and the 
amino acid composition as determined (Chapter 3).The results are compared 
in Table 1. 
The codon usage of the A.nidulans pki gene reveals a preference for 
certain codon usage and a bias in the third position of the codon. In 
only 7% of the codons used, is an A found in the third position, while 68% 
of the codons used have a C or G (46% C and 22% G) in the third position. 
This is a common feature of the fungal genes studied thus far (Rambosek 
and Leach, 1987). 
The overall homology between A.nidulans pyruvate kinase and pyruvate 
kinases from other organisms is high, ranging between 53% homology with 
the rat L type to 66% with the S.cerevisiae pyruvate kinase. This high 
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degree of homology is one of the striking features of glycolytic enzymes, 
and a reflection of their central role in cellular metabolism (Fothergill-
Gillmore, 1986). The amino acid residues of the protein, involved in the 
catalytic function (Johnson et al., 1979; Muirhead et al., 1986) are 
almost completely conserved (Fig. 4). 
Rabbit muscle1 
Bovine muscle' 
Cat muscle 
Chicken muscle 
Rat liver3 
S. cerevisiae 
A.nidulans 
A.niger' 
A E G S D V A N A V L D G A D C I M L S G E T A K G D Y P L E A V 
A E G S D V A N A V L D G A D C I M L S G E T A K G D Y P L E A V 
342 374 
A E G S D V A N A V L D G A D C I M L S G E T A K G D Y P L E A V 
341 373 
A E G S D V A N A V L D G A D C I M L S G E T A K G D Y P L E A V 
3SS 387 
A E 
313 
A E 
327 
A E 
327 
A E 
T 
V 
V 
V 
S D V A N A V L D G A D C I M L S G E T A K G 
s D V|G|N A|I |L D G A D C 
S D V A N A V L D G A D C 
S D V A N A V L D G A D C 
V 
V 
V 
M L S G E T A K G 
M L S G E T A K G 
M L S G E T A K G 
S F|P 
N 
N 
N 
Y P 
Y P 
Y P 
V 
c 
N 
E A V 
L 345 
N A V 
r-1 359 
E A V 
359 
E A V 
Fig. 4 Homology in pyruvate kinases from different sources in the peptide 
sequence related to the active site. The homologous residues are 
boxed. The numbers (above the sequences) indicate the residue 
number. The sequence of bovine and rabbit muscle was determined 
from a chemical modified tryptic peptide, their residue numbers 
are not known. Data from 1) Bezares et al. (1987), 2) Johnson et 
al. (1979), 3) Muirhead et al. (1986), 4) Lonberg and Gilbert 
(1983), 5) Inoue et al. (1986), Lone e£ al. (1986), 6) Burke e£ 
al. 1983, 7) Chapter 5. 
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Comparing the various pyruvate kinases, striking differences at the 
the N- and C-terminal end of A.nidulans the protein are found. Similar to 
the pyruvate kinases of higher eukaryotes, the A.nidulans pyruvate kinase 
contains additional amino acid residues at its N-terminus end in compar-
ison to the S.cerevisiae pyruvate kinase. However, no sequence homology 
is found with either of the pyruvate kinase L and M types as shown in 
Fig. 5. 
Rat L MEGPAGYLRRASVAQLTQELGTAFFQQQQLPAAMADTFLEHLCLLD-IDSQPVAARSTSIIATIGP 
Rat M MPLPDSEAGTAPIQTQQLH-AMADTFLEHMCRLD-IDSAPITARNTGIICTIGP 
Chicken M MSK-HHDAGTAFIQTQQLHAAMADTFLEHMCRLD-IDSEPTIARNTGIICTIGP 
Cat M MSKPHSDVGTAFIQTQQLHAAMADTFLEHMCRLD-IDSPPITARNTGIICTIGP 
Human L MEGPAGYLRRASVAQLTQELGTAFFQQQQLPAAMADTFLEHLCLID-IDSQPVAARSTSIIATIGP 
S.cerevisiae MSRLERLTSLN-WAGSDL-RRTSIIGTIGP 
A.nidulans MAASSSLDHLSNRMKLEWHSKLNTEMVPAKNFRRTSIICTIGP 
Fig. 5 Alignment of the amino acid sequences at the N-terminus of pyruvate 
kinases from rat liver, human liver, rat muscle, chicken muscle, 
cat muscle and yeast pyruvate kinase. 
Presently, no experimental data exist on whether pyruvate kinase from 
yeast and/or A.nidulans is phosphorylated as a regulation mechanism of the 
enzyme activity. A phosphorylation site, ARG-ARG-ALA-SER (residues 9-12), 
found in porcine and rat L type pyruvate kinase, is lacking in the N-
terminal region of A.nidulans pyruvate kinase. In S.cerevisiae pyruvate 
kinase the amino acid sequence ARG-ARG-THR-SER (residues 19-22) is found, 
which might be a potential site of phosphorylation, since this sequence is 
similar to the site of phosphorylation in the porcine and rat L type 
enzyme (Burke et al., 1983). This sequence, ARG-ARG-THR-SER, found in the 
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yeast enzyme, is also found in the A.nidulans pyruvate kinase amino acid 
sequence (residue 33-36). 
Determination of the N-terminal amino acid residue by Edmann degrad-
ation failed, indicating that the N-terminal amino acid is blocked. With 
the rabbit muscle enzyme (Cottam et al., 1969) and the S.cerevisiae enzyme 
(Bornmann et al., 1972) it was shown that the N-terminal amino acid is 
acetylated. No further attempts were been made to determine the modified 
N-terminal amino acid. 
The C-terminal part of the A.nidulans pyruvate kinase shows amino 
acid homology to pyruvate kinases from other organisms, but contains seven 
additional residues. These additional amino acid residues are also found 
at the C-terminus of the A.niger pyruvate kinase, with six of these seven 
amino acids being conserved. Whether the additional amino acids at the N-
and C-terminal end of the protein have a specific function remains to be 
investigated. 
Conclusions 
The promoter region of the A.nidulans pyruvate kinase gene does not 
contain the pattern of organization usually found in eukaryotic genes, a 
TATA sequence and a CCAAT sequence at a distinct distance from the 
transcription initiation site. The site where transcription starts is 
found 80 bp before the translation initiation codon. The sequence ccaAc/g 
is a motif found at several transcription initiation sites in genes of 
filamentous fungi. The promoter region, furthermore, is characterized by a 
series of CT blocks and repetitive sequences. CT blocks are found in a 
number of strongly expressed genes in yeast and Aspergilli, and are 
believed to facilitate a high level of transcription (Dobson et al., 
1982). 
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The deduced amino acid sequence is strongly homologous to that of 
other pyruvate kinase proteins already known. Striking differences 
however, are found at the N-and C-termini end of the protein. At the N-
terminus, the protein is longer than the yeast enzyme but not as long as 
the mammalian enzymes. At the C-terminus the Aspergillus pyruvate kinase 
is longer than known pyruvate kinase. The additional amino acid sequence 
at the N-terminus show no homology with pyruvate kinases other than the 
A.niger enzyme (Chapter 5). 
With respect to intron-exon structure, the A.nidulans pyruvate kinase 
represents a state between lower eukaryotes, such as S.cerevisiae, and 
the higher eukaryotes, like chicken and rat. This intermediate evolutiona-
ry position is also found for the A.nidulans genes encoding pgk and tpi 
and support the hypothesis presented by Gilbert (1986) that prokaryotes 
and lower eukaryotes, like S.cerevisiae and to a lesser extent Aspergil-
li, lost their introns during evolution. In the A.nidulans pki three out 
of seven introns (A, C and G) are conserved with respect to the intron 
positions in the genes of higher eukaryotes. In case of a fourth intron 
(F) , situated within the mononucleotide binding fold domain, its position 
is conserved with respect to the NAD+ binding domain of the maize adhl 
gene. The presence of this intron in the A.nidulans pki, which is lacking 
in corresponding genes of higher eukaryotes, illustrates the differential 
intron loss in the evolution of this gene. 
Acknowledgements 
The authors want to thank Harry Rester for performing the Edmann 
degradation reactions and Pascale Rombouts for performing the primer 
extension experiments. 
70 
References 
Bezares, C, Eyzaguirre, J., Hinrichs, M.V., Heinrikson, R.L., Reardon, 
I., Kemp, R.G., Latshaw, S.P. and Bazaes, S.: Isolation and sequence 
determination of an active site peptide of rabbit muscle pyruvate 
kinase. Arch. Biochem. Biophys., 253 (1987), 133-137. 
Birnstiel, M.L., Busslinger, M. and Strub, K.: Transcription termination 
and 3' processing: the end is in site!. Cell, 41 (1985), 349-359. 
Bornman, L. , Röschlau and Hess, B.: Essentielle Aminosäurereste von Hefe-
pyruvatkinase. Hoppe-Seyler's Z. Physiol. Chem., 353 (1972), 696. 
Burke, R.L., Tekamp-Olson, P. and Najarian, R.: The isolation, characteri-
zation, and sequence of the pyruvate kinase gene of Saccharomyces 
cerevisiae. J. Biol. Chem., 258 (1983), 2193-2201. 
Buxton, F.F., Gwynne, D.I., Garven, S., Sibley, S. and Davies, R.W.: 
Cloning and molecular analysis of the ornithine carbamoyl transferase 
gene of Aspergillus niper. Gene, 60 (1987), 255-266. 
Calzone, F.J., Britten, R.J. and Davidson, E.H.: Mapping of gene trans-
cripts by nuclease protection assays and cDNA primer extension. In: 
Berger SL, Kimmel AR (eds) Methods in enzymology, vol 52, Academic 
Press, New York, 1987, pp. 611. 
Clements, J.M. and Roberts, CF.: Transcription and processing signals in 
the 3-phosphoglycerate kinase (PGK) gene from Aspergillus nidulans. 
Gene, 44 (1986), 97-105. 
Cognet, M. , Lone, Y.C., Vaulont, S., Kahn, A. and Marie, J.: Structure of 
the rat L-type pyruvate kinase gene. J. Mol. Biol., 196 (1987), 11-
25. 
Corrick, CM. , Twomey, A.P. and Hynes, M.J.: The nucleotide sequence of 
the amdS gene of Aspergillus nidulans and the molecular characteriza-
tion of 5' mutations. Gene, 53 (1987), 63-71. 
Cottam, G.L., Hollenberg, P.F. and Coon, M.: Subunit structure of rabbit 
muscle pyruvate kinase. J. Biol. Chem., .244 (1969), 1481-1486. 
de Graaff, L.H., van den Broek, H.W.J. and Visser, J. : Isolation and 
transformation of the Aspergillus nidulans pyruvate kinase gene. 
Curr. Genet., 13 (1988), 315-321. 
Dennis, E.S., Gerlach, V.L., Pryor, A.J., Bennetzen, J.L., Inglis, A., 
Llewellyn, D., Sachs, M.M., Ferl, R.J. and Peacock, V.J.: Molecular 
analysis of the alcohol dehydrogenase (AdhI) gene of Maize. 
Nucl. Acids. Res., 12 (1984), 3983-4000. 
Dobson, M.J., Tuite, M.F., Roberts, N.A., Kingsman, A.J. and Kingsman, 
S.M.: Conservation of high efficiency promotor sequences in Saccharo-
myces cerevisiae. Nucl. Acid. Res., 10 (1982), 2625-2637. 
71 
Engström, L., Ekman, P., Humble, E. and Zetterqvist, ö.: Pyruvate kinase. 
In: Boyer, P.D., Krebs, E.G. (eds) The enzymes, vol XVIII, Academic 
Press, New York, 1987, pp. 47-75. 
Fothergill-Gillmore, L.A.: The evolution of the glycolytic pathway. 
TIBS 11 (1986) 4-7-51. 
Friedenthal, M., Roselino, E. and Passerson, S.: Multiple molecular forms 
of pyruvate kinase from Mucor rouxii. Eur. J. Biochem. 35 (1973) 
148-158. 
Gilbert, W.: Genes in pieces revisited. Science 228 (1986) 823-824. 
Gwynne, D.I., Buxton, F.P., Sibley, S., Davies, R.W., Lockinton, R.A. , 
Scazzocchio, C. and Sealy-Lewis, H.H.: Comparison of the cis acting 
control regions of two coordinately controlled genes involved in 
ethanol utilization in Aspergillus nidulans. Gene, 51 (1987), 205-
216. 
Hamer, J.E. and Timberlake, W.E.: Functional organization of the 
Aspergillus nidulans trpC promotor. Mol. Cell. Biol., 7 (1987), 
2352-2359. 
Humble, E.: Amino acid sequence around the phosphorylated sites of 
porcine and rat liver pyruvate kinase, type L. Biochim. Biophys. 
Acta, 626, (1980) 179-187. 
Inoue, H., Noguchi, T. and Tanaka, T.: Complete amino acid sequence of rat 
L-type puruvate kinase deduced from the cDNA sequence. Eur. J. 
Biochem., 154 (1986), 465-469. 
Johnson, S.C., Bailey, T., Becker, R.R. and Cardenas, J.M.: Isolation and 
sequence determination of a peptide located in or near the active 
site of bovine muscle pyruvate kinase. Biochem. Biophys. Res. Comm., 
90 (1979), 525-530. 
Kapoor, H. : Pyruvate kinase: a model allosteric enzyme for demonstration 
of structure function relationships. Int. J. Biochem., 7 (1976), 
439-443 
Kester, H., Uitzetter, J.H.A.A., de Graaff, L.H. and Visser, J.: A rapid 
purification procedure for pyruvate kinase from the hyphal fungus 
Aspergillus nidulans. Can. J. Microbiol., 134 (1988), 1154-1158. 
Kozak, M. : Compilation and analysis of sequences upstream from the 
translational start site in eukaryotic mRNAs. Nucl. Acid. Res., 12 
(1984), 857-872. 
Lonberg. N. and Gilbert, W.: Primary structure of chicken muscle pyruvate 
kinase mRNA. Proc. Natl. Acad. Sei. USA 80 (1983) 3661-3665. 
Lonberg. N. and Gilbert, W.: Intron/exon structure of the chicken pyruvate 
kinase gene. Cell, 40 (1985), 81-90. 
72 
Lone, Y.C., Simon, M., Kahn, A. and Marie, J.: Complete nucleotide and 
deduced amino acid sequences of rat L-type pyruvate kinase. FEBS 
Lett., 195 (1986), 97-100. 
Haniatis, T., Goodburn, S. and Fischer, J.A.: Regulation of inducible and 
tissue-specific gene expression. Science, 236 (1987), 1237-1244. 
Maniâtis, T., Fritsch, E.F. and Sambrook, J.: Molecalar cloning, a 
laboratory manual. Cold Spring Harbor Laboratory Press, New York, 
1982. 
Marie, J., Simon, M.P., Dreyfus, J.C. and Kahn, A.: One gene, but two 
messenger RNAs encode liver L and red cell L' pyruvate kinase 
subunits. Nature, 292 (1981), 70-72. 
McKnight, G.L., O'Hara, P.J. and Parker, M.L.: Nucleotide sequence of the 
triosephophate isomerase gene from Aspergillus nidulans: implications 
for a differential loss of introns. Cell, 46 (1986), 143-147. 
McKnight, G.L., Kato, H., Upshall, A., Parker, M.D., Saari, G. and 
O'Hara, P.J.: Identification and molecular analysis of a third 
Aspergillus nidulans alcohol dehydrogenase gene. EMBO J., 4 (1985), 
2093-2099. 
McLauchlan, J., Gaffney, D., Whitton, J.L. and Clements, J.B.: The consen-
sus sequence YGTGTTYY located downstream from the AATAAA signal is 
required for efficient formation of mRNA 3' termini. Nucl. Acid. 
Res., 13 (1985), 1347-1368. 
Meixner-Monori, B., Kubicek, C.P. and Rohr, M.: Pyruvate kinase from 
A.niger: a regulatory enzyme in glycolysis. Can. J. Microbiol., 4 
(1984), 16-22. 
Messing, J.: New M13 vectors for cloning.: Methods in Enzymol 101C (1983), 
20-78. 
Meyers, R.M., Tilly, K. and Maniâtis, T.: Fine structure genetic analysis 
of a ß-globin promotor. Science, 232 (1986), 613-618. 
Muirhead, H., Clayden, D.A., Barf'ord, D., Lorimer, C.G., Fothergill-
Gilmore, L.A. , Schütz, E. and Schmitt, W.: The structure of cat 
muscle pyruvate kinase. EMBO J., 5 (1986), 475-481. 
Mullaney, E.J., Hamer, J.E., Roberti, K.A., Yelton, M.M. and Timberlake, 
W.E. : Primary structure of the trpC gene from Aspergillus nidulans. 
Mol. Gen. Genet., 199 (1985), 37-45. 
Noguchi, T., Inoue, H. and Tanaka, T.: The Mi- and M2-type isozymes of rat 
pyruvate kinase are produced from the same gene by alternative RNA 
splicing. J. Biol. Chem., 261 (1986), 13807-13812. 
73 
Noguchi, T., Yamada, K., Inoue, H., Matsuda, T. and Tanaka, T.: The L and 
R-type isozymes of rat pyruvate kinase are produced from a single 
gene by use of different promoters. J. Biol. Chem., 262 (1987), 
14366-14371. 
Norrander, J., Kempe, T. and Messing, J.: Construction of improved H13 
vectors using oligodeoxynucleotide-directed mutagenesis. Gene, 26 
(1983), 101-106. 
Pickett, M., Gwynne, D.I., Buxton, F.F., Elliott, R. , Davies, R.W., 
Lockinton, R.A., Scazzocchio, C. and Sealy-Lewis, H.H.: Cloning and 
characterization of the aldA gene of Aspergillus nidulans. Gene, 51 
(1987), 217-226. 
Pontecorvo, G. , Roper, J.A., Hemmons, L.J., MacDonald, K.D. and Bufton, 
A.W.J.: The genetics of Aspergillus nidulans. Adv. Genet., 5 (1953), 
141-238. 
Proudfoot, N.J. and Brownlee, G.G.: 3' non-coding region sequences in 
eukaryotic mRNA. Nature, 263 (1976), 211-214. 
Rambosek, J. and Leach, J.: Recombinant DNA in filamentous fungi: progress 
and prospects. CRCCrit. Rev. Biotechnol., 6 (1987), 357-393. 
Sanger, F., Nickelen, S. and Coulson, A.R.: DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sei. USA, 74 (1977), 5463-
5467. 
Stuart, D.I., Levine, M., Muirhead, H. and Stammers, D.K.: Crystal 
structure of cat muscle pyruvate kinase at a resolution of 2.6 Â. 
J. Mol. Biol., 134 (1979), 109-142. 
Tani, K. , Fujii, H., Nagata, S. and Miwa, S.: Human liver type pyruvate 
kinase: complete amino acid sequence and the expression in mammalian 
cells. Proc. Natl. Acad. Sei. USA, 85 (1988), 1792-1795. 
Uitzetter, J.H.A.A.: Studies on carbon metabolism in wildtype and mutants 
of Aspergillus nidulans. PhD thesis, Agricultural University Wagenin-
gen, 1982, The Netherlands. 
Upshall, A., Gilbert, T., Saari, G. , O'Hara, P.J., Weglenski, P., Berse, 
B., Miller, K. and Timberlake, W.E.: Molecular analysis of the arg B 
gene of Aspergillus nidulans. Mol. Gen. Genet., 204 (1986), 349-354. 
Valentin!, G., Iadarola, P., Somani, B.L. and Malcovati, M.: Two forms of 
pyruvate kinase in Escherichia coli. Biochem. Biophys. Acta., 570 
(1979), 248-258. 
74 
CHAPTER 5 
Iso la t ion a n d c h a r a c t e r i z a t i o n of t h e 
Aspergillus niger p y r u v a t e k i n a s e gene 
Part of this Chapter is submitted for publication; 
Leo de Graaff, Hetty van den Broeck and Jaap Visser 
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Summary 
We have cloned the Aspergillus niger gene encoding pyruvate kinase, 
in order to study its structure and expression. The pyruvate kinase (pki) 
gene was cloned by heterologous hybridization using a fragment from the 
corresponding yeast gene as a probe. 
Transformation experiments with the pyrA gene as a selection marker 
and the subcloned pki gene as the cotransforming marker led to increased 
levels of pyruvate kinase in eight out of eleven transformants analyzed. 
From these results, it was concluded that the subcloned fragment indeed 
encodes A.nieer pyruvate kinase, and that it contains the whole functional 
gene. 
Analysis of transformants with an elevated pyruvate kinase level, 
with respect to the type of integration, demonstrated that in none of 
these transformants integration at the pki locus had occurred. In the 
cases examined predominantly cointegration of the pyrA and the pki 
containing plasmids was found. 
The structural part of the A.niger pki gene is 205a bp long, and is 
interrupted by 7 putative introns. Removal of the intron sequences 
results in an open reading frame of 1578 bp, encoding a protein of 526 
amino acid residues and a molecular weight of 58.130 kDa. Extensive 
homology is found with pyruvate kinase from A.nidulans. with differences 
occuring in the domains of the protein which are involved in subunit 
interaction. 
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Introduction 
The rapid development of recombinant DNA methodology for filamentous 
fungi (for reviewe see Rambosek and Leach, 1987) has led to an increased 
interest in the possibilities of strain improvement of Aspergillus niger 
by genetic manipulation. Recently, transformation systems have been 
developed based on the Aspergillus nidulans amdS gene (Kelly and Hynes, 
1985) and on the homologous pyrA gene (van Hartingsveldt et al., 1987; 
Goosen et al., 1987), which allows the introduction of homologous, as well 
as heterologous, genes in this economically important fungus. The 
implications of these developments are not only important for the 
industrial applications of A.niger, but also for fundamental studies on 
gene structure and gene regulation. 
We have analyzed a strongly expressed glycolytic gene viz. the 
A.niger pyruvate kinase gene (pki). Corresponding gene structures of the 
rat pyruvate kinase L type gene (Cognet et al., 1987), the rat M type gene 
(Noguchi et al., 1986), the chicken M type gene (Lonberg and Gilbert, 
1985), the Saccharomyces cerevisiae gene (Burke et al., 1983) and the 
A.nidulans gene (Chapter 4; de Graaff and Visser, 1989) are all known. 
These studies reveal that, like other glycolytic functions, the primary 
structure of the various pyruvate kinases is well conserved (Muirhead et 
al., 1986). All of the pyruvate kinase genes mentioned, with the exception 
of the yeast gene, contain introns. Ten are found in the rat L type gene, 
9 in the chicken M type and 7 in the A.nidulans gene. Whereas all nine 
introns of the coding region of the chicken M type gene are in a conserved 
position when compared to the rat L type gene (Cognet et al., 1987), in 
the A.nidulans gene three of the seven introns are in a conserved position 
with respect to the L and M type genes (Chapter 4; de Graaff and Visser, 
1989). 
Pyruvate kinase is considered to be an important control enzyme in 
glycolysis and its properties have been subject of several review articles 
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(Kayne, 1973; Engström et al., 1987; Mulrhead, 1987). The enzyme (ATP: 
pyruvate phosphotransferase, EC 2.7.1.40) has been extensively studied in 
a broad range of organisms. In the case of the cat muscle enzyme the 
primary as well as the 3-D structure is known (Stuart et al., 1979; 
Muirhead et al., 1986). Of the pyruvate kinases with fungal origin, the 
Neurospora crassa enzyme has been most extensively studied (Tsao and 
Madley, 1975; Kapoor, 1976). The enzyme is activated by fructose 1,6-
biphosphate (FBP) at micromolar concentrations, whereas it is inhibited by 
citrate, oxaloacetate and ATP in millimolar concentrations (Tsao and 
Madley, 1975). The enzyme of A.niger however, is insensitive to citrate 
and oxaloacetate (Meixner-Monori et al., 1984). Similar results were found 
for the purified A.nidulans enzyme (H.C.M. Kester, unpublished results). 
The activation of the enzyme by FBP is due to the binding of this ligand 
to the enzyme, thereby converting the enzyme to the high affinity state 
for its substrate, phosphoenolpyruvate (Kapoor, 1976). Besides being an 
allosteric effector, FBP has also effects the stability of the enzyme, as 
noticed for the three fungal enzymes mentioned (O'Brien and Kapoor, 1980; 
Meixner-Monori et al., 1984; H.C.M. Kester, unpublished results). Although 
regulation of the glycolytic flux at the pyruvate kinase level has been 
considered, Kubicek (1987) postulated, on the basis of experimental 
kinetic data and metabolite levels, that this is very unlikely. 
Apart from our interest in the pyruvate kinase gene itself, we 
considered the isolation of this gene also to be of importance for 
physiological studies. By transformation one can easily obtain strains 
with various levels of pyruvate kinase gene doses, which can be useful 
evaluating the level at which physiological control mechanisms operate. In 
this paper we describe the isolation, sequence and expression of the 
A.niger pyruvate kinase gene. 
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Materials and methods 
Strains 
A.niger N400 (wild type) was used for nucleic acid and protein 
extractions and A.niger N593 (cspAl. pyrA) was used as the recipient 
strain in transformation experiments. E.coli DH5a (endAl. hsdR17, [rk', 
mk+], supE44. thi-1. y , recAl, gvrA. relAL. 80dlacZ H15, (laçZYA-argF), 
U169) and E.coli DH5aF' were used to propagate plasmids and M13 phages. 
Chemicals and enzymes 
Restriction enzymes, DNA polymerase I Klenow fragment and T4 DNA 
ligase were obtained from BRL. Novozyme 234 was obtained from Novo 
Industries. Deoxynucleotidetriphosphates and dideoxynucleotidetriphospha-
tes were from Boehringer. Schleicher and Schuil BA85 nitrocellulose was 
used in Southern blotting experiments. a- ^-P-dATP was from New England 
Nuclear. Urea, acrylamide and bisacrylamide were Ultra Pure grade (BRL), 
all other chemicals used were analytical grade. 
Media and growth conditions 
For the preparation of conidiospores A.niger was grown at 30°C for 
three days on complete medium, which was originally designed for A.nidu-
lans (Pontecorvo et, al., 1953), using 25 wM sucrose as a carbon source 
and solidified with 1.2% agar. 
Transformation of A.niger N593 
Protoplasts were prepared by growing A.niger N593 on minimal medium 
supplemented with 0.5% yeast extract, 0.2% casamino acids, 50 mM glucose 
and 10 mM uridine for 20 hrs at 30°C. The preparation of protoplasts of 
A.niger N593 and the transformation was performed as described before 
(Goosen et al., 1987). 
Heterologous hybridization conditions 
Heterologous hybridization conditions were determined and hybridiza-
tion experiments were performed as previously described (Chapter 2; de 
Graaff et al., 1988). 
Manipulation of nucleic acids. 
A.niger DNA was extracted as published before (Chapter 2; de Graaff 
et al.. 1988). Propagation of plasmid DNA and manipulation of DNA was by 
standard methods (Maniatis et al., 1982). 
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Results and discussion 
Isolation and physical map of the gene 
Screening of an ordered genomic library of A.niger N400 with a 1.8 kb 
EcoRI fragment of the pki gene of S.cerevisiae (Burke et al., 1983), 
resulted in the isolation of 18 positive clones. From these, the 8 clones 
which gave the strongest hybridization signal were selected for further 
analysis. Southern analysis of clone 15B6, which had the strongest 
hybridization signal, was compared with a Southern analysis of A.niger 
genomic DNA, and the results suggested that the clone contained the 
complete A.niger pki gene (results not shown). From 15B6 the 5 kb 
Bglll/ffindlll fragment was subcloned in pBR322 producing pGWHOO. The 
latter clone was further analyzed by restriction enzymes resulting in the 
restriction map shown in Fig. 1. The orientation of the gene was determi-
ned by hybridization using fragments containing the 5'- and 3'- end of 
the yeast gene, a 1.0 kb EcoRI/BglH and a 0.88 kb EcoRI/BglH fragment 
respectively, as probes. 
ATG P K Ss S TAA 
J I I I I L 
Fig. 1 Restriction map of the structural region of the pki gene and the 
sequencing strategy employed. Only major restriction sites are 
indicated: K: Kpnl. P: PstI. S: Sail and Ss: SstI. Restriction 
fragments were subcloned in bacteriophage M13 mpl8/19 vectors 
(Messing, 1983; Norrander et al., 1983), and nucleotide sequences 
were determined by using the dideoxynucleotide chain-termination 
procedure (Sanger et al., 1977). Part of the sequence was determi-
ned by using specific oligonucleotide primers as indicated (*). 
Computer analysis was done using the PC/GENE program. 
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Functional analysis by cotransformation 
Since we have not been able to find any pki mutants in A.niger, unlike 
the case in A.nidulans (Uitzetter, 1982), transformation of A.niger by 
direct selection for a functional pyruvate kinase gene, as described for 
A.nidulans (Chapter 2; de Graaff et al., 1988), was not possible. However, 
it is now well documented that genes which cannot be selected for, can be 
successfully introduced into the fungal genome by cotransformation. In such 
experiments e.g. AmdS (Kelly and Hynes, 1985; O'Connel and Kelly, 1988) or 
pyrk (Goosen et al., 1987) is used as a selection marker, together with a 
second plasmid carrying the non-selectable marker. In some cases, up to 95% 
cotransformation has been achieved (Wernars et al., 1987). 
The identity and functionality of the pki gene isolated was confirmed 
in our case by transforming A.niger N593. In this experiment pGW613 contai-
ning the pyrk gene (Goosen et al., 1987) was used as a selection marker and 
pGWHOO as the cotransforming plasmid. The molar ratio chosen between the 
two plasmids was 1:50, in order to favor the frequency of cotransformation. 
Transformants were obtained with a low frequency, about 15 transformants 
per /ig pGW613 DNA. They were analyzed at the protein level and at the DNA 
level. 
Pyruvate kinase levels 
The transformants were analyzed by measuring the pyruvate kinase 
activity after growth on minimal medium (MM)(Pontecorvo et al., 1953) 
containing sucrose as a carbon source. The results are presented in Table 
1. As can be concluded from this Table, in 8 out of 11 transformants 
elevated levels of pyruvate kinase activity was found, indicating that 
about 73% of the pyrA transformants contain one or more copies of the 
cotransforming DNA, pGWHOO. Based on the activity levels found, the number 
of functional copies integrated into the genome can be estimated to vary 
between one additional copy to about thirty extra copies. 
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Table 1 Pyruvate kinase activities in A.niger wild type (N400) 
and in transformants of N593. 
Strain 
N400 
3/1100 
4/1100 
5/1100 
6/1100 
7/1100 
8/1100 
9/1100 
10/1100 
11/1100 
12/1100 
13/1100 
round the nearest integer 
Specific ac .tivlty 
(IU/mg protein) 
0.8 
1.0 
4.2 
0.7 
5.5 
0.6 
1.8 
10.7 
5.6 
13.8 
23.1 
10.2 
Activity ratio 
transformant 
1 
5 
1 
7 
1 
2 
13 
7 
17 
29 
13 
When the pyruvate kinase activities measured (Table 1) and the amount 
of pyruvate kinase protein found in crude extracts as analyzed by SDS-
polyacrylamide gel electrophoresis (Fig. 2) are compared, a correlation 
between activity and the amount of protein synthesized is found. Extreme 
levels of pyruvate kinase protein are found in transformants 9/1100, 
11/1100, 12/1100 and 13/1100 and a fair correlation is found between the 
activity and the amount of protein present in the cell-free extract. 
Transformant 4/1100, which has a pyruvate kinase activity about 5 times 
higher than the wild type is the exception, since the amount of pyruvate 
kinase is dramatically more increased (Fig. 2). Based on a laser densito-
metric scanning analysis of the SDS-Polyacrylamide gel electrophoresis 
pattern, at least 30% of the total protein content consists of pyruvate 
kinase. A possible explanation for the discrepancy found between the 
activity measured and the amount of protein found, is that in this 
particular case the extreme amount of protein synthesized within the cell, 
prevents the correct formation of active tetrameric enzyme. 
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H B mam - . B 
MSBf -ïr"vv"' 
Fig. 2 Electrophoretic patterns of cell-free extracts of wild type and 
transformants after SDS-PAGE, and staining with Coomassie blue. 
The mycelium was grown, and the preparation of cell-free extract 
and SDS-PAGE was performed as described (Chapter 3; Rester et al. 
1988). 
Lane 1; purified pyruvate kinase, lane 2; N400, lane 3; 3/1100, 
lane 4; 4/1100, lane 5; 5/1100, lane 6; 9/1100, lane 7; 7/1100, 
lane 8; 8/1100, lane 9; 6/1100, lane 10; 10/1100, lane 11; 11/1100, 
lane 12; 12/1100, lane 13; 13/1100, lane 14; molecular weight markers; 
respectively 30 kDa, 46 kDa, 68 kDa and 92.5 kDa. 
Genomic analysis 
Transformants were analyzed by Southern analysis after digestion of 
the chromosomal DNA with the appropriate restriction enzymes. After 
digestion with Bglll, which does not cut within the pki gene nor in the 
plasmid pGWHOO, and subsequent hybridization with a fragment of the pki 
gene as a probe, the number of copies integrated at the pki locus can be 
determined. For every copy of plasmid integrated at this site, the length 
of the wild type hybridizing fragment is enlarged by the length of the 
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plasmid. Our results indicate, that in none of the transformants had 
integration occurred at the pki locus (Fig. 3A). This was a remarkable 
finding because with A.nidulans transformation experiments, with direct 
selection for the pki marker, the outcome of a similar analysis of 33 
transformants is that homologous integration had occurred in 90% of the 
cases (Chapter 2, and unpublished results; de Graaff et al., 1988). 
Besides the wild type fragment, a 10 kb Bglll fragment, an intense 
hybridizing fragment is found in all the transformants analyzed. This 
fragment is at least 20 kb in length. 
Digestion with BamHI (not shown), which cuts only once in pGWHOO, 
and hybridization with a fragment of the pki gene, results in digestion 
patterns with a strong hybridizing fragment of 9.0 kb in the transfor-
mants, which is not present in the wild-type pattern. The length of this 
fragment corresponds to the length of the transforming plasmid, pGWHOO. 
Differences in intensity of the signal from the fragment reflects 
differences in the number of copies integrated. Also, less pronounced 
bands of varying sizes are found. Transformants were also analyzed by 
digestion with Xbal, which does not cut in the plasmid pGWHOO, and subse-
quent blotting and hybridization with a 3.8 kb Xbal fragment, containing 
the pyrA gene. In Fig. 3B, all the transformants showed the 3.8 kb Xbal 
fragment together with a high molecular weight fragment. Hybridization of 
a second blot, produced under the same conditions, and hybridized with a 
fragment of the pki gene, revealed a high molecular weight hybridizing 
band, found in an identical position as the one found after hybridization 
with the pyrA (Fig. 3C) fragment. 
These results suggest the formation of a large concatamer containing 
the plasmid pGWHOO as well as the pyrA containing plasmid pGW613, before 
integration occurs or during the integration process. As a result of the 
concatamer formation, a tandem cointegrate of the plasmids pGWHOO and 
pGW613 is found. The much stronger hybridization signal with the pki 
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Fig. 3 Southern analysis of genomic DNA of transformants with an elevated 
level of pyruvate kinase activity. 
DNA of independent transformants was digested with Bglll and Xbal. 
After separation on a 0.6% agarose gel in TBE buffer the DNA was 
transferred to nitrocellulose and hybridized with a 1.8 kb Smal 
fragment containing part of the pki gene (A and C) and with a 3.8 
kb Xbal fragment containing the pyrA gene (B). The filters were 
washed in 0.2 x SSC for two hrs and exposed overnight to Konica X-
ray film. 
Transformant DNA was also analyzed by digestion with Xbal. and 
subsequent hybridization with a 3.5 kb Xbal fragment from the pyrA 
gene (Goosen et al., 1987 )ê 
Lane 1; N400, lane 2; 4/1100, lane 3; 6/1100; lane 4; 8/1100, 
lane 5; 9/1100, lane 6; 10/1100, lane 7; 11/1100, lane 8; 12/1100, 
lane 9; 13/1100. 
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fragment as compared to the weaker signal seen with the pyrk fragment, is 
a reflection of the 50 fold excess of pGWHOO (pki). The formation of this 
concatamer would interfere with a recombination process, thus leading to a 
low frequency of integration at the pki locus. The high percentage of 
cotransformation can then be explained by assuming the concatamer 
integrates as a whole, with only minor internal recombination. 
It is not clear which factors determine the recombination process 
which leads to the integration of homologous DNA into the genome. The 
large amount of plasmid DNA and the extreme ratio between the two plasmids 
in the transformation experiment, may affect the character of the 
recombination process. The high concentration of plasmid DNA used perhaps 
stimulates the formation of the concatamers, while if used in a one to one 
ratio at a low concentration, this concatamer formation could be less 
pronounced. 
Pyruvate kinase gene structure 
Fragments containing the structural part of the pki gene, originating 
from the subclone pGWHOO, were selected by hybridization with fragments 
from the yeast gene. These fragments were subcloned in M13mpl8/19 vectors 
for sequencing of the gene. The strategy used to establish the nucleotide 
sequence of the A.niger pyruvate kinase gene was previously shown in Fig. 
1. The resulting sequence of the pyruvate kinase structural gene can be 
found in Fig. 4. 
Fig. 4 Nucleotide sequence of the A.nicer pyruvate kinase gene, and amino 
acid translation of the open reading frame. 
Those amino acids which are different in A.nidulans pyruvate kinase 
are given beneath the A.niger amino acid sequence. The position of 
the introns is as indicated. The stop codon is indicated by END. 
Sequencing was performed as described in Fig. 1. 
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The A.niger pki gene contains like the A.nidulans pki gene 7 introns. 
Although the lengths of the introns are different from those found in the 
A.nidulans pyruvate kinase gene (Chapter 4; de Graaff and Visser, 1989), 
all seven introns appear exactly at the same position in the nucleotide 
sequence, as those in the A.nidulans pki gene. The conserved intron 
sequences and their lengths are summarized in Table 2. With the exception 
of intron D, the introns contain the conserved sequences normally found in 
fungi (Rambosek and Leach, 1987). In intron D, the only intron not 
containg a conserved lariat sequence, a possible lariat sequence ATTAAC is 
found instead of the more general RCTRAC sequence, thus a C being replaced 
by a T. 
Table 2 Intron sequences at the splice 
niger pyruvate kinase gene. 
5' 
Consensus 
sequence-*-
Intron A 
Intron B 
Intron C 
Intron D 
Intron E 
Intron F 
Intron G 
sequence 
GTRNGT 
GTACGT 
GTACGA 
GTAAGA 
GTAAGT 
GTAAGA 
GTGAGT 
GTAAGT 
lariat sequence 
-72-
-35-
-35-
-31-
-74-
-28-
-33-
RCTRAC 
GCTAAC 
GCTGAC 
GCTGAC 
ATTAAC(?) 
GCTGAC 
GCTGAC 
GCTAAC 
junctions in 
3' 
-14-
- 7-
- 5-
- 7-
-11-
- 6-
-10-
the 
sequence 
YAG 
CAG 
CAG 
CAG 
TAG 
TAG 
CAG 
CAG 
Aspergillus 
intron length 
101 bp 
57 bp 
55 bp 
53 bp 
100 bp 
49 bp 
58 bp 
Rambosek and Leach, 1987 
The codon usage in the A.niger pki shows a preference for cytosine 
(53%) and a bias against adenosine (3%) in the third position, indicating 
that the codon bias of this gene is similar to that of the A.nidulans pki 
gene (46% and 7% respectively), and to fungal genes in general (Chapter 4; 
de Graaff and Visser, 1989 Rambosek and Leach, 1987). 
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The deduced pyruvate kinase proteins of A.nidulans and A.niger are 
strongly homologous, only 33 of the 526 amino acids are different between 
the enzymes of both species. These differences in residues are not 
randomly distributed over the protein, but are mainly found in the A^ 
domain, in the B domain and in the C domain (Fig. 4). Those amino acid 
residues which are believed to be involved in the catalytic function of 
the protein and the binding of Mgz+ and K+, are conserved (Bezares et al., 
1987; Muirhead et al., 1986, 1987) with respect to the A.nidulans pyruvate 
kinase. 
Differences in amino acid residues in both A domain and C domain may 
result in slight differences in stability and kinetic behaviour of both 
enzymes because both domains are involved in the subunit interaction of 
the tetrameric enzyme (Stuart et al, 1979). This subunit interaction 
plays an important role in the potentially allosteric modulation of the 
enzyme. Noguchi and coworkers (1986) have shown that the only difference 
between the M]^  and M2 type isozymes from rat, which is the result of 
differential splicing, is found in the C domain. Both enzymes differ only 
22 amino acids and as a result the M2 type isozyme is allosterically 
regulated, whereas the M^ type is not. 
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Conclusions 
1. The fragment in pGWHOO contains the complete functional pyruvate 
kinase gene of A.nlger. Transformation of A.niger by pGWHOO leads to 
an increase in pyruvate kinase activity in the transformants studied, 
varying with the number of copies integrated. 
2. Although transformation of A.niger and A.nidulans using single 
selection markers like pyrA or pki leads predominantly to homologous 
integration, cotransformation of these markers results mainly in 
heterologous integration with respect to the pki locus. 
3. Sequence analysis of the structural part of the pki gene, reveals a 
strong homology in the deduced primary structure of the A.niger 
pyruvate kinase with pyruvate kinase structures already known, 
especially when compared to the pyruvate kinase structure of A.nidu-
lans. The primary structures of the A.niger and A.nidulans pyruvate 
kinases show no change in the amino acids believed to be involved in 
the catalytic function of the enzyme. 
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Introduction 
Pyruvate kinase (EC 2.7.1.40) catalyzes the final reaction in the 
glycolytic pathway in which phosphoenolpyruvate (PEP) and ADP are 
converted to pyruvate and ATP, in an essentially irreversible reaction. 
The activity of pyruvate kinase is regulated, as part of the regulation of 
the balance between the glycolytic and gluconeogenic pathway. Regulation 
of the reaction catalyzed by pyruvate kinase is achieved at different 
levels : 
By the level of transcription; 
By allosteric modulation of the enzyme; 
By phosphorylation/dephosphorylation of certain tissue specific types 
of isozymes in mammals (for review see Engström et al., 1987); 
By proteolytic breakdown of the protein. 
Regulation of the amount of pyruvate kinase by the level of trans-
cription, depending on either stimulation of glycolysis or gluconeogene-
sis, has been shown for the mammalian liver L type pyruvate kinase 
(Cladaras and Cottam, 1980; Noguchi et al., 1982; Simon et al., 1983), as 
well as for the Neurospora crassa pyruvate kinase (Devchand and Kapoor, 
1987). 
The allosteric regulation of pyruvate kinase from different origins 
is well studied. Pyruvate kinase has been purified from a large range of 
organisms, e.g. Saccharomyces cerevisiae (Yun et al., 1976), Neurospora 
crassa (Kapoor and Tronsgaard, 1972), Aspergillus nidulans (Chapter 3), 
Aspergillus niger (Meixner-Monori et al., 1984) and from different 
mammalian sources (for review see Kayne, 1973). 
96 
The enzyme is allosterically regulated by its substrate PEP and the 
product ATP, but also by the allosteric activator fructose 1,6-bisphos-
phate (FBP). Whereas in the absence of FBP the enzyme exhibits positive 
cooperativity with respect to binding of its substrate PEP, in the 
presence of micromolar quantities of FBP, the enzyme displays Michaelis-
Menten kinetics toward its substrate PEP. This allosteric regulation 
allows a quick response to changes in physiological conditions. 
In mammals four tissue specific forms of pyruvate kinase are found. 
The enzyme kinetic behaviour of the pyruvate kinase isozymes is related to 
the type of tissue in which they are expressed. In glycolytic tissues such 
as muscle and brain, where there is no need for allosteric regulation of 
the pyruvate kinase reaction, the non-allosteric M^ type isozyme is found. 
The M^ isozyme is not allosterically regulated, whereas the other three 
isozymes are. 
In gluconeogenic tissues the reaction catalyzed by pyruvate kinase needs 
strict regulation, and thus in hepatocytes the allosterically regulated L 
type isozyme is found. In prokaryotes and lower eukaryotes, such as 
S.cerevisiae (Haeckel et al., 1968) N.crassa (Tsao and Madley, 1975), 
A.nidulans (Chapter 3) and A.niger (Meixner-Monori et al., 1984), 
generally one form of pyruvate kinase is found, which is allosterically 
regulated by FBP. 
The binding of FBP to those pyruvate kinases which are allosterically 
regulated by this effector, induces changes in the enzyme conformation, as 
has been shown for pyruvate kinase originating from N.crassa (O'Brien and 
Kapoor, 1975) and for the rat L type pyruvate kinase (El-Maghrabi et al., 
1982). This change in conformation leads to a shift from a low affinity 
state (T state) to a high affinity state (R state) of the enzyme for its 
substrate PEP. 
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The cat muscle pyruvate kinase crystal structure was determined at a 
resolution of 2.6 Â (Stuart et al., 1979). Each subunit of the tetrameric 
enzyme consists of four domains, N-terminal domain, the A domain, the B 
domain and the C domain. The central A domain consists of an eight 
stranded a/ß structure, as was first described for triosephosphate 
isomerase (Banner et al., 1975), which later was found to be a structure 
common to several proteins (see e.g. Chothia, 1988). The active site lies 
in a pocket formed by domains A and B. 
After the primary structure of the enzyme was determined, a correla-
tion was made between the protein three dimensional structure and its 
primary structure. From this model, and by comparison of the primary 
structures of other pyruvate kinases, a mechanism for catalysis by 
pyruvate kinase was proposed (Muirhead et al., 1986; Muirhead, 1987). 
The Hi type pyruvate kinase is different from the other types of 
pyruvate kinases, since it is not allosterically activated by FBP. Thus, a 
comparison of the cat M]^  pyruvate kinase structure with pyruvate kinases 
which are activated by FBP, like the pyruvate kinases from Aspergillus, 
may be useful in deducing residues or regions involved in the allosteric 
activation of the enzyme. 
This Chapter describes the model building of Aspergillus pyruvate 
kinase, based on the crystallographic data of cat M^ pyruvate kinase and 
homology in the primary structures of both proteins. The modeling was 
done on an Evans and Sutherland PS300 graphics terminal, running the 
program Frodo version 3.2. The model was refined by repeated cycles of 
Hendrikson-Konnert restrained least squares refinement, to optimize the 
geometry of the protein model. 
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Results and Discussion 
a. Aspergillus pyruvate kinase a-carbon backbone 
Using the coordinates of the cat Hi enzyme, and the alignment of the 
primary structures of both enzymes (Chapter 4 and 5) as shown in Fig. 1, 
the tertiary structure of Aspergillus pyruvate kinase was modeled. Using 
this alignment, and the known secondary and tertiary structure of the cat 
Hi enzyme, the three-dimensional structure of the A.nidulans pyruvate 
kinase was modeled. In these calculations, the model was optimized for 
ideal bond lengths and geometry. As a result of this idealization, only 
major differences in both structures would be found. However the character 
and the orientation of amino acid residues at specific positions could be 
compared. 
In Fig. 2 the predicted subunit tertiary structure of the A.nidulans 
pyruvate kinase is shown. The four domains (Stuart et al., 1979) of the 
protein; N, A, B and C are indicated. The active site, located in the 
pocket between domains A and B (Muirhead et al., 1986), is indicated by an 
arrow. 
The alignment of the primary structures of both proteins shows 
significant homology between the fungal and the cat Hi enzyme. According 
to this alignment 258 out of the 526 amino acids (49%) from the A.nidulans 
pyruvate kinase are identical to those in the cat Hi enzyme. This homology 
is not randomly distributed over the protein, the most conserved region is 
located in the central A domain. Those residues involved in the catalytic 
function (Johnson et al., 1979; Muirhead et al., 1986; Bezares et al., 
1987) of the protein are almost completely identical (Fig. 4, Chapter 4). 
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Fig.l Alignment of the primary structures of cat Hi pyruvate kinase and 
Aspergillus nidulans pyruvate kinase. The residues close to the 
active site are indicated with an *. The elements of secondary 
structure, from the cat Mi enzyme are indicated under the alignment 
of the primary structures of both proteins. Data are from Huirhead 
et al.. 1986. For comparison with the graphic model, the Aspergil-
lus nidulans numbering is used. 
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In Fig. 3 the predicted subunit tertiary structure of A.nidulans 
pyruvate kinase, is compared with the cat Hi subunit tertiary structure. 
The A.nidulans structure closely resembles the cat M^ subunit structure. 
Only a few differences in the tertiary structure of both proteins are 
found. The alignment shows that the cat Hi pyruvate kinase contains ten 
additional amino acid residues at the N-terminal end, while the A.nidulans 
pyruvate kinase has seven additional residues at the C-terminal end of the 
protein. The prediction for the structure of these additional residues at 
the C-terminal end in the A.nidulans pyruvate kinase structure is 
ambiguous, since there is no crystallographic data available for this 
region. Four regions are found in which both proteins contain deletions or 
insertions with respect to each other. A.nidulans pyruvate kinase contains 
two regions with an insertion compared to the cat Hi enzyme, viz. in the 
region 20-30 the residues 24 and 26, and in the region 458-470 the 
residues 459 and 466-468. Deletions compared to the cat M^ enzyme are 
found in the regions 88-91 and 107-108 (Fig. 1). From Fig. 3 it is seen 
that the position of these insertions and deletions corresponds to regions 
connecting elements of secondary structure. For one of these regions this 
is shown in more detail in Fig. 4, the insertion is found in the loop 
connecting CßZ (B) and Ca5(A). The position of these regions within the 
tetrameric enzyme is illustrated in Fig. 5. They are located at the 
exterior of the tetrameric protein. 
From these results it can be concluded that despite differences found 
in the primary structures, the tertiary structure and the overall 
quaternary structure of the A.nidulans pyruvate kinase closely resembles 
that of the cat M^ subunit structure. 
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b. Potential phosphorylation site in A.nidulans pyruvate kinase 
The role of phosphorylation in the regulation of the pyruvate kinase 
activity in mammalians has been studied extensively (for review see 
Engström et al., 1987). The best studied is the liver L type enzyme which 
is phosphorylated by a cAMP-dependent protein kinase. Phosphorylation of 
the enzyme leads to a decreased affinity for PEP, allowing a fast response 
to changes in metabolic conditions. 
Both for the pig liver enzyme and for the rat liver enzyme, the amino 
acid sequence involved in phosphorylation was determined (Humble, 1980). 
In both these enzymes the SER residue in the sequence ARG-ARG-ALA-SER is 
phosphorylated. This sequence is found to be phosphorylated in both 
pyruvate kinase enzymes as well as in synthetic peptides (Glass and Krebs, 
1979; Engström et al., 1987). 
In contrast to the extensive experimental data available for the 
mammalian enzymes, no data exists in yeast, N.crassa or Aspergillus, 
neither from in vivo nor from in vitro experiments, determening whether 
phosphorylation is involved in the regulation of the pyruvate kinase 
activity. Based on similarity in amino acid sequence with the phosphoryla-
tion site in pig liver pyruvate kinase, Burke et al. (1983) suggested that 
the amino acid sequence LEU-ARG-ARG-THR-SER-ILE found in the N-terminal 
region of the protein, possibly represents a phosphorylation site in the 
yeast enzyme. In the amino acid sequence of A.nidulans and A.niger this 
sequence is conserved with respect to the yeast enzyme. 
In this study we investigated the position of this potential 
phosphorylation site within the Aspergillus pyruvate kinase structure. 
From the predicted position of this residue within the modeled structure, 
it was deduced whether this serine residue is accesible for phosphorylati-
on. 
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The serine (36) residue (Fig. 6A and B) of the potential phosphory-
lation site is found at the beginning of the first ß strand of the a/ß 
barrel of the protein in the A domain. However, the position of this 
residue within the three dimensional structure of the pyruvate kinase 
enzyme is such that it is very unlikely to function as a site of phospho-
rylation. The serine residue is buried within the protein structure, and 
seems not accessible for phosphorylating enzymes. This, in contrast to the 
L type isozyme, where the site of phosphorylation is located at the N-
terminus of the enzyme (Cognet et al., 1987), and which is removed by 
partial proteolysis by chymotrypsin and subtilisin. This gives rise to a 
fragment of about 25 residues, indicating that this fragment is located 
near the exterior of the enzyme (Simon et al., 1982). 
c. Allosteric activation by fructose 1,6-bisphosphate 
The allosteric effect caused by the binding of FBP to pyruvate 
kinases from different sources is well studied, but little is known about 
the residues involved in the binding of this effector, and the conforma-
tional shifts induced by it. 
The FBP binding site lies in a pocket formed by the domains A and C 
In the Hi structure this pocket contains four ARG residues, which could 
form part of the binding site for FBP, as was postulated by Muirhead et 
al., 1987. Additionally the repulsion of the positively charged side 
chains of these residues would help to keep this pocket open, keeping the 
enzyme in the high affinity state for PEP. 
One hypothesis is that this "regulatory" pocket, containing the FBP 
binding site, is closed in the T state and open in the R state. Thus if 
the pocket is open, either by FBP or by charge (as in the M^ enzyme), it 
will stabilize the R quaternary structure. The effect of different 
residues in the inter-subunit contacts, in different pyruvate kinases, 
will work out as a difference in the equilibrium constants between the T 
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and R state structures (Muirhead et al., 1987). Since the cat Hi pyruvate 
kinase is in the R state, and no structural information exists for the T 
state quaternary structure, the model build for Aspergillus pyruvate 
kinase also describes the R state. For both the M^ enzyme as well as for 
the Aspergillus enzyme, we have analyzed the structure at the FBP binding 
site and the inter-subunit contacts. 
1. Analysis of the structure at the FBP binding site 
Superposition of the FBP binding site of A.niger pyruvate kinase and 
the cat Hi pyruvate kinase is shown in Fig. 7. The residues ARG(33), 
ARG(91) and HIS(448) are conserved in both proteins, and they are in 
essentially the same position in both proteins. The main differences are 
found at the entrance of the pocket. The M^ enzyme has an ARG in position 
90, a LYS in position 486 and an ARG in position 488, whereas in Aspergil-
lus pyruvate kinase in position 90 a GLY is found, and one positively 
charged residue in position 487. This means that there exits a difference 
in both proteins of two positively charged side chains at the entrance of 
the FBP binding site. 
The charged residues inside the FBP binding pocket of Aspergillus 
pyruvate kinase, are in an identical position as those in the cat M^ 
enzyme (Fig. 7). These residues are conserved in the pyruvate kinase 
primary structures, as shown in Table I. 
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Table I Amino acid comparison of 
pyruvate 
Residue position: 
Cat M!1 
Rat Hi2 
Rat M22 
Chicken M1 
Rat L1 
Yeast1 
A.nidulans 
A.nigei— 
kinase 
33 
R 
R 
R 
R 
R 
R 
R 
R 
34 
N 
N 
N 
N 
S 
R 
R 
R 
90 
R 
L 
L 
T 
S 
S 
G 
G 
residu 
91 
R 
R 
R 
R 
R 
R 
R 
R 
es at 
448 
H 
H 
H 
H 
H 
H 
H 
H 
the FBP 
470 
W 
W 
W 
w 
w 
w 
w 
w 
binding site of 
486 
K 
K 
K 
K 
K 
K 
L 
L 
487 
A 
A 
A 
A 
L 
E 
K 
K 
488 
R 
R 
R 
R 
R 
F 
L 
L 
Data from: 1) Muirhead (1987); 2) Noguchi et al. (1987); 
3) Chapter 4 and 5. 
The conservation of these residues, ARG(33), ARG(91) and HIS(448), 
suggests that they form the actual binding site for the effector. The 
conformational change which occurs as a result of the binding of FBP, is 
paralleled by a change in the environment of a tryptophan residue nearby 
the site, as detected by an decrease in fluorescence (O'Brien and Kapoor, 
1975; El-Maghrabi et al., 1982). The tryptophan residue is probably the 
one found at position 470, in the loop connecting C/83 and Ca5, at the 
beginning of helix Ca5. The change in conformation observed may be a 
result of a shift of this loop, bringing the tryptophan residue in a 
different environment. 
Differences in amino acid residues are found at the entrance of the 
FBP binding site, in Aspergillus the number of charged residues found is 
less (residues 486 and 488). In addition, a marked difference in the a 
carbon backbone at the entrance of this site is found (Fig. 5). The 
insertion in the region 458-470, and the deletion in the region 88-91 when 
compared to the M^ enzyme, are both found at this entrance. The deletion 
in the region mentioned, which is also found when the yeast and the cat Hi 
pyruvate kinase are aligned (Muirhead, 1987), may allow the pocket to 
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close more easily. Whether the insertion in the region 458-470, which is 
found in the Aspergillus enzymes, but not in pyruvate kinase from yeast 
and higher eukaryotes, affects the allosteric effect of FBP can not be 
deduced from this model. Nevertheless, the differences mentioned may 
affect the affinity for FBP and/or affect the equilibrium between the T 
and R states of the specific enzyme. 
2. Analysis of the inter-subunit contacts 
Inter-subunit contacts play a role in the conformational change 
induced by FBP, as has been shown for the N .crassa pyruvate kinase 
(Kapoor, 1976). The main regions of inter-subunit contacts involve the 
helices Aa6, Kal, Aa8, Cal, Ca2 and Cj84 (Muirhead et al., 1987). Differen-
ces in these contact regions were examined, in order to try to explain 
differences in allosteric behaviour of the cat Hi and the Aspergillus 
enzymes with respect to the effect of FBP. 
In three of these regions no clear differences in the subunit 
interactions were discovered. The residues involved in the contact region 
kal-k'al, [THR(325), GLU(326), VAL(332), A1A(335) and ASP(338)] are 
conserved, not only in the cat M^ pyruvate kinase and Aspergillus pyruvate 
kinases, but in all known pyruvate kinase structures. Also, no marked 
differences were found in the regions involved in subunit interaction Ca2 
and CßU. 
The interaction between Aa6-A'a8 in the Aspergillus enzymes, is a 
hydrophobic interaction, involving the residues PRO(288), ILE(292), 
ALA(293), LEU'(367) AND LEU) ' (368). In the Mj^  enzyme a potential electro-
static interaction may be present, between the residues GLU(288)-ARG'(367) 
and LYS(289)-GLU'(368) (Table II), the result of which may be a tighter 
inter-subunit contact in this region. 
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288 
E 
E 
E 
E 
E 
P 
P 
P 
289 
K 
K 
K 
K 
K 
E 
K 
K 
367 
R 
R 
R 
R 
V 
L 
L 
L 
368 
E 
E 
E 
E 
I 
L 
L 
L 
Table II Amino acids involved in the Aot6-A'a8 inter-subunit 
contact. 
Residue position: 
Cat Hi1 
Rat Hi2 
Rat M22 
Chicken M1 
Rat L1 
Yeast1 
A.nidulans 
A.nigei— 
Data from: 1) Muirhead (1987); 2) Noguchi et al. (1987); 
3) Chapter 4 and 5. 
In the Cal-Cal subunit interaction electrostatic interactions occur; 
in Aspergillus interactions between ASP(380)-ARG'(383) and ARG(383)-
ASP'(380) are found, while in the M^ enzyme these interactions are between 
GLU(380)-ARG*(384) and ARG(384)-GLU'(380) (Fig. 8)(Table III). In both 
enzymes the distance between these charged residues is about 5Â, as was 
determined from the graphic model. The orientation of the side chain of 
residue 381 (GLU) is such that it does not seem to be involved in this 
inter-subunit interaction. 
Besides these charge interactions which are found in the subunit 
contact of both enzymes, the Aspergillus enzymes also exhibit hydrophobic 
interactions. The side-chain methylene residues of ARG(383) and ASN(384) 
and the residues PHE(376), PHE(379) and LEU(405) are involved in this. 
Suggesting that the Cal inter-subunit interaction in Aspergillus is more 
hydrophobic than in the cat M^ enzyme. 
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Table III Amino acid sequence in Che Cal region. 
Residue position: 
376 380 383 
Cat M]/ 
Rat M;L2 
Rat M22 
Chicken M^ 
Rat L1 
Yeast1 
A.nidulansJ 
A.niger* 
R 
R 
L 
R 
R 
L 
F 
F 
K 
L 
Q 
Q 
Q 
P 
N 
N 
L 
L 
L 
Q 
L 
N 
V 
V 
F 
F 
F 
F 
F 
Y 
F 
F 
E 
E 
E 
E 
E 
D 
D 
D 
E 
E 
E 
E 
E 
D 
E 
E 
L 
L 
L 
I 
L 
-
L 
L 
V 
À 
R 
L 
R 
M 
R 
R 
R 
R 
R 
R 
R 
R 
N 
N 
Data from: 1) Muirhead (1987); 2) Noguchi et al. (1987); 
3) Chapter 3 and 4. 
Two possibly significant differences are found in the contact regions 
involved in subunit interaction, when the cat Mi enzyme and the Aspergil-
lus enzymes are compared. The first concerns the Aa6-A'a8 region, where a 
tighter subunit interaction is expected in the cat M^ enzyme, because of 
the contribution of electrostatic interactions, when compared to the 
Aspergillus enzymes. This inter-subunit electrostatic interaction is found 
in all M type pyruvate kinases (Table II), but not in the inter-subunit 
contact region of the rat L type, yeast and Aspergillus pyruvate kinase. 
Comparison of the affinity of FBP for the rat M2 type, the rat L type and 
the A.niger enzyme, shows that Ka for the rat M2 is 0.1-0.4 /JM, while for 
the latter two this parameter is 0.06-0.1 /iW (Imamura et al., 1972; 
Meixner-Monori et al. 1984). This suggests that charge-charge interactions 
are important in determining the relative stabilities of the T and R 
quaternary structures. 
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A second region in which differences are found, is the Cod region. 
This region must be involved in the allosteric activation of pyruvate 
kinase, since the only difference between the rat M^ and M2 isozymes, is 
found in this region. Both enzymes are encoded by the same gene, the M 
gene, and are formed as a result of differential splicing (Noguchi et al. 
1986). In an exon with a length of 45 amino acids, 22 different amino 
acids occur. As a result of these differences, the M2 isozyme is 
allosterically activated by FBP, while the M^ isozyme is not. 
The Cal region contains conserved differences between the pyruvate 
kinases which are allosterically activated by FBP, and those which are 
not. The negative charge located at position 380 is conserved in both 
types of enzyme, while the allosteric type of pyruvate kinases have a 
positive charge at position 383, whereas the non-allosteric type (M^) has 
this charge in position 384 (Table III). The deletion of one amino acid 
residue in the pyruvate kinase enzyme from yeast, may bring the Arg(384) 
in the position of Arg(383) as found in the Aspergillus enzymes. 
The charged residues in position 380, 383 and 384 seem to be 
important for the allosteric behaviour of the enzyme, but from the model 
no marked differences between the subunit interactions of both enzymes 
were found. This suggests that a slight difference in subunit interaction 
between both types of enzymes, leads to the differences in allosteric 
behaviour. 
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Conclusions 
The elucidation of the three dimensional structure of proteins is of 
importance in understanding enzyme catalysis, and in investigating the 
role particular amino acids residues have in this. For the fungal pyruvate 
kinase no crystal structures are available. Hence the protein structure 
has been modeled based on the crystallographic data and from homology in 
the primary structure of the cat Hi pyruvate kinase isozyme. This 
situation can be considered to represent the introduction of a number of 
mutations at the same time. As a first approximation this provides useful 
structural information which, in combination with kinetic data, may help 
to determine future studies. 
With respect to the a carbon backbone, the modeled structure of the 
Aspergillus enzyme shows minor differences compared to the cat M^ isozyme. 
The similarity in tertiary structure, despite differences in primary 
structure, reflects the situation that during evolution only mutations 
were allowed which did not affect the overall tertiary structure. Both 
structure and function as an integral character of the protein have been 
conserved during evolution, and as a result, a conservation is found in 
those specific residues involved in catalysis. 
The first conclusion which can be drawn from the structural com-
parison is, that it seems unlikely that the Aspergillus pyruvate kinases 
become phosphorylated like the L type isozyme. With respect to the 
binding and the allosteric effect of FBP, following conclusions have been 
made: 
a. The residues ARG(33), ARG(91) and HIS(448) are very likely the residues 
involved in the binding of FBP. This can be concluded from the conser-
vation of these residues in the three dimensional structure of both 
proteins. The strength of this conclusion is increased by the finding that 
those residues are conserved in all primary structures known. However, the 
model presented here, does not rule out the involvement of other residues. 
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b. Comparison of the subunit interactions suggests that the region Aa6-
A'a8 is important in de terming the enzyme's affinity for FBP, while the 
interaction in the region Cal is more important in determining whether the 
enzyme is allosterically regulated or not by FBP. 
The validity of the model presented here, and the conclusions drawn 
from the comparison of the cat M^ pyruvate kinase and the Aspergillus 
pyruvate kinases, need further investigations. The availability of an 
A.nidulans pki mutant, in which the enzyme is not activated by FBP, and 
seems to remain in the T state, will enable us to examine the validity of 
some of the conclusions drawn. 
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CHAPTER 7 
Concluding r e m a r k s 
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Concluding remarks 
The project described in this thesis is part of the Industrial 
Biotechnology Programme of the Agricultural University in Wageningen. One 
of the aims of this programme is the generation of basic knowledge 
required to improve fungal strains of industrial importance. Strain 
breeding can be accomplished by classical genetics and by somatic and 
molecular genetic approaches. At the same time fundamental knowledge of 
the physiology and biochemistry of the system is required. 
The investigations described in this thesis were focussed on gene 
structure and expression in relation to carbon metabolism in Aspergillus 
nidulans and Aspergillus niger. When this project was started the basic 
tools needed to study gene expression were not yet developed for A.niger, 
therefore the work was initiated with A.nidulans. The pyruvate kinase 
gene was chosen as the subject of this thesis for several reasons. First, 
the gene is strongly expressed, but its expression is modulated to some 
extent. Second, the gene codes for an enzyme which represents one of the 
control points in glycolysis. 
The gene structure for four glycolytic genes in A.nidulans have been 
determined to date. These include the genes encoding triosephosphate 
isomerase (tpi)(McKnight et al., 1986), 3-phosphoglycerate kinase (pgk) 
(Clements and Roberts, 1986), glyceraldehyde-3-phosphate dehydrogenase 
(gpd)(Punt et al., 1988) and pyruvate kinase (pki) (Chapter 4). 
The promoter regions of these four glycolytic genes from A.nidulans, 
all contain CT rich regions preceding the site of transcription initiati-
on. The length of these CT rich regions has been correlated to their 
respective levels of transcription (Ballance, 1986). The typical TATA 
element is not generally found in fungal promoters, e.g. it is lacking in 
the tpi and pki promoter, whereas it is found in the fungal promoters of 
pgk and gpd. However, a TTTATTTT sequence is found 32 bp upstream the 
from 5' end of the tpi cDNA. Deletion of this same sequence in the 
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A.nidulans trpC promoter (also lacking the TATA element) results in mRNA's 
with heterogenous 5' ends (Hamer and Timberlake, 1987), indicating a 
similar function is served as by the TATA element. In the pki gene no such 
sequence is found within the 50 bp region upstream of the transcription 
initiation site. A XTTTTTT sequence is found 27 bp before the site of 
transcription initiation. As suggested in Chapter 4 this sequence might 
function as a TATA element, positioning the site where transcription 
starts. 
The A.nidulans pgk and gpd 5' upstream sequences have a homologous 
sequence (16 bp in common in a sequence of 24 bp) in the region 500-600 bp 
before the transcription initiation site (Punt et al., 1988), but which is 
not found within the 758 bp region preceding the pki gene. 
The functional analysis of the 5'-upstream sequences of more fungal 
genes is required to reveal the role of regulating sequences in the 
regulation of gene expression. In most of the fungal genes analyzed thus 
far, no distinct TATA elements or CCAAT elements are found. Further 
analysis of other 5'-upstream sequences may reveal the essential features 
of these sequences. Thus far, one is not able to recognize a single motif 
in the fungal promoters known. 
Functional analysis of the 5'-upstream sequences of the A.nidulans 
pki gene is presently in progress. The strategy is to fuse the 5'-upstream 
sequence with the E.coli lacZ gene and the trpC termination region (van 
Gorcom et al., 1985). This fusion was recently constructed and was 
strongly expressed in A.nidulans. Defined deletions are now being made to 
determine which sequences are involved in the regulation of the level of 
transcription. 
The gene structures of the four A.nidulans glycolytic genes mentioned 
above, contain introns in contrast to the corresponding genes from 
Saccharomyces cerevisiae. The intron/exon structure of these fungal genes 
represents an intermediate state in gene evolution. The corresponding 
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genes in prokaryotes and unicellular eukaryotes, like yeast do not contain 
introns, whereas in Aspergillus these same genes are found to contain 
introns. In A.nidulans two introns are found in pgk, five in tpi, seven in 
both gpd and pki. However, the genes encoding these enzymes in higher 
eukaryotes contain ten, six, nine and nine introns respectively. Thus the 
number of introns found in fungi is less than in the corresponding genes 
from higher eukaryotes. In addition, to fewer introns, the intron length 
is also generally found to be smaller in fungi. The introns found in 
Aspergillus vary in length from 50 bp up to about 120 bp, whereas intron 
lengths in the glycolytic genes of higher eukaryotes are sometimes several 
thousand bp long. This is easily illustrated by comparing the lengths of 
the structural genes encoding for pyruvate kinase in yeast, A.nidulans, 
rat and chicken (Fig. 1). The proteins encoded by those four genes vary in 
length from 500 amino acids (yeast) to 530 amino acids (chicken), whereas 
the length of the structural genes varies much more. The structural gene 
in yeast is 1500 bp (Burke et al., 1983), in A.nidulans 1968 bp, in rat 
8360 bp (L type gene) (Cognet et al., 1987) and in chicken approximately 
13,600 bp (M type gene)(Lonberg and Gilbert, 1985). Similar comparisons 
can be made for all genes mentioned above, with essentially the same 
result. This suggests that in Aspergillus the genome size was reduced by a 
decrease in intron length, and to some extent by a decrease in intron 
number. 
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Another result of this investigation is the predicted amino acid 
sequence for the A.nidulans and A.niger pyruvate kinases, which has been 
used to build a preliminary structural model for these enzymes. These 
structural models give insight into the regions and residues involved in 
the allosteric regulation of the enzyme. 
An important question to be answered in the future is whether in vivo 
under specific physiological conditions pyruvate kinase really functions 
as a major control point in glycolysis. If this turns out to be the case, 
the pyruvate kinase gene will become an interesting system to test the 
possibilities which genetic manipulation offers in influencing important 
pathways in metabolism. Alterations in gene dose are easily realized in 
these fungi (see Chapters 2 and 5). The impact of this, at the controlling 
level of the metabolic pathways, certainly needs to be analyzed. Moreover, 
the structural model presented here, combined with further kinetic 
analysis, can provide a starting point to alter the enzyme's characteris-
tics by site-directed mutagenesis. 
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The results presented in this thesis contribute to the extension of 
basic knowledge in the organization and expression of genes in fungi. In 
addition, the increased knowledge of the expression of these genes will 
provide the opportunity to apply this knowledge to industrially important 
organisms like A.niger, and thereby produce improved strains for industri-
al use. 
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Samenvatting 
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Samenvatting : 
Dit proefschrift "Het pyruvaat kinase gen en zijn expressie in 
Aspergillus nidulans en Aspergillus niger" beschrijft het onderzoek naar 
de structuur en expressie van het pyruvaat kinase gen in deze schimmels. 
De doelstelling van dit onderzoek was de opheldering van de genstruc-
tuur van het pyruvaat kinase gen, vergelijking met de genstructuur van het 
overeenkomstige gen uit andere organismen, en de studie naar de expressie 
van het genproduct, pyruvaat kinase. 
De pyruvaat kinase genen van A.nidulans en A.niger zijn geisoleerd 
met behulp van heterologe hybridizatie, waarbij het sterk overeenkomstige 
pyruvaat kinase gen uit gist gebruikt is om beide genen op te sporen. De 
identiteit en functionaliteit van het pyruvaat kinase gen uit A.nidulans 
is onderzocht door een transformatie systeem te ontwikkelen, gebaseerd op 
een pyruvaat kinase mutant. Deze mutanten kunnen niet groeien op media 
met een glycolytische koolstofbron, zoals glucose of sucrose. Als gevolg 
hiervan kunnen transformanten, die een functioneel gen in hun genoom 
geïntegreerd hebben, op deze media geselecteerd kunnen worden. 
Het A.nidulans pyruvaat kinase gen is gelocaliseerd op een 2,9 kb 
ÊcoRI/BamHI fragment. Transformatie van A.nidulans WG231, met een zodanige 
mutatie in het pyruvaat kinase gen, dat geen pyruvaat kinase eiwit meer 
gevormd wordt, leidt tot volledig herstel van de pyruvaat kinase activi-
teit. Er wordt een rechtstreeks verband gevonden tussen het aantal 
kopieën van dit fragment dat in het genoom geïntegreerd is, en de gemeten 
pyruvaat kinase activiteit. Hieruit wordt geconcludeerd dat het genoemde 
fragment het gehele gen bevat, inclusief de gebieden op het DNA die 
betrokken zijn bij de expressie. Hoewel het gen gereguleerd wordt 
afhankelijk van aangeboden koolstofbron, zijn er aanwijzingen gevonden 
dat er regulerende DNA sequenties ontbreken in dit 2,9 kb EcoRI/BamHI 
fragment. Uit de gevonden waarden van de pyruvaat kinase activiteit na 
groei op een gluconeogenetische koolstofbron als acetaat, welke in de 
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transformanten verhoogd is ten op ziehte van die in de wild type stam, 
wordt geconcludeerd dat de gen activiteit gereguleerd wordt door repressie 
van de expressie. 
Na transformatie wordt het transformerende DNA in ongeveer 90% van de 
gevallen geïntegreerd aangetroffen op de plaats van het pyruvaat kinase 
gen binnen het genoom. Slechts bij uitzondering vindt integratie op een 
andere, willekeurige plaats in het genoom plaats. Dit komt overeen met de 
resultaten, zoals die door andere onderzoekers gevonden worden, namelijk 
dat hoofdzakelijk homologe integratie plaats vindt daar waar rechtstreeks 
op de betreffende genetische eigenschap geselecteerd wordt. De hier 
omschreven resultaten en conclusies, worden beschreven in hoofdstuk 2. 
Het pyruvaat kinase eiwit uit A.nidulans is geïsoleerd uit de wild 
type stam, en uit een transformant met een verhoogde expressie, ten 
gevolge van een hoger aantal copiën van het pyruvaat kinase gen. Dit eiwit 
is gedeeltelijk gekarakteriseerd, en beschreven in hoofdstuk 3. Karakte-
ristieken van het eiwit, zoals het molekuulgewicht en de aminozuursamen-
stelling, zijn vergeleken met waarden welke zijn afgeleid zijn uit de 
basenvolgorde in het coderende gebied van het gen. Voor deze karakteris-
tieken is een goede overeenkomst gevonden (hoofdstuk 4). Het gen codeert 
voor een eiwit bestaande uit 526 aminozuren, dat sterke homologie vertoont 
met pyruvaatkinase uit gist en zoogdieren. 
De coderende sequentie van het pyruvaat kinase gen, wordt onderbroken 
door zeven intronen. Deze worden niet gelijkmatig verdeeld binnen de 
coderende sequentie gevonden, maar voornamelijk aan het begin van het gen, 
het 5' uiteinde. De positie van deze intronen, is vergeleken met de 
positie van de intronen in de pyruvaat kinase genen afkomstig uit onder 
andere kip, en rat. Uit deze vergelijking blijkt dat drie van de zeven 
intronen in het A.nidulans gen, in dezelfde, of in een vrijwel gelijke 
positie gevonden wordt. Het aantal en de lengte van de intronen in het 
pyruvaat kinase gen van A.nidulans reflecteert de intermediaire positie 
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welke Aspergilli in de evolutie innemen, tussen lagere eukaryoten zoals 
gist enerzijds en de hogere eukaryoten, zoals kat, kip en rat anderzijds. 
Het pyruvaat kinase gen van A.niger is op soortgelijke wijze 
geïsoleerd als dat van A.nidulans (hoofdstuk 5). De functionaliteit van 
dit gen is aangetoond door middel van co-transformatie, waarbij het pyrA 
gen uit A.niger gebruikt is als selectie marker. In de gevonden transfor-
manten werden verhoogde expressie niveau's gevonden, tot het dertigvoudlge 
van het wild type niveau. In alle gevallen blijkt het pyruvaat kinase gen 
in dit geval op een willekeurige plaats in het genoom geïntegreerd te 
zijn, mogelijk als gevolg van de gekozen experimentele condities. 
Evenals het A.nidulans gen wordt het A.niger gen onderbroken door 
zeven intronen, die weliswaar verschillen in lengte van die in A.nidulans, 
maar zich op identieke posities in het gen bevinden. Beide Aspergillus 
genen vertonen zeer veel overeenkomst; ongeveer 90% van zowel de basen 
volgorde als de aminozuur volgorde is identiek, terwijl ook het totaal 
aantal aminozuren gelijk is, namelijk 526. 
In hoofdstuk 6 wordt de ruimtelijke structuur van het pyruvaat kinase 
gen uit Aspergillus beschreven. Deze ruimtelijke structuur is afgeleid uit 
de structuur van het kattespier pyruvaat kinase. De vergelijking van beide 
structuren toont verschillen aan m.b.t. de fructose 1,6-bifosfaat 
bindingsplaats en op het niveau van subeenheid interacties. Met dit 
laatste is een mogelijke correlatie vastgelegd tussen allosteer en niet 
allosteer gereguleerde pyruvaat kinase vormen. Op grond van de ruimtelijke 
structuur wordt verder gepostuleerd dat fosforylering van het pyruvaat 
kinase uit Aspergillus onwaarschijnlijk is. 
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